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Abstract  

In just 8-12 million years, cetaceans (whales, dolphins, and porpoises) 

underwent profound changes in adaptive zone. Their evolution from land-

dwellers to aquatic inhabitants is an exemplar of macroevolutionary change. 

However, there has been little study of evolutionary dynamics that span their 

entire 50-million-year history.  

Using 3D geometric morphometrics and a rich dataset of 201 living and fossil 

species spanning Cetaceaôs evolutionary history, I quantify cranial morphology 

and investigate shifts in evolutionary rates and disparity. I find three key waves 

of diversification throughout cetacean evolution. The first is in archaeocete 

(early whales) evolution as cetaceans evolved rapidly to fill a largely vacant 

aquatic niche. The second, in the mysticetes (baleen whales) and odontocetes 

(toothed whales) which diverged ~39-36 Mya and followed unique evolutionary 

pathways, facilitated by key innovations: echolocation in odontocetes and 

filter-feeding in mysticetes. The third wave, in the Miocene, is mostly an 

odontocete signal (~18-10 Mya). Further, I find asymmetry related to 

echolocation in odontocetes is driven by the pressures of acoustically complex 

environments, and that multiple ecological factors influence skull shape.  

I find climate fluctuations drive cranial evolution through deep-time. 

Importantly, ocean productivity drives evolutionary rates in mysticetes, 

whereas in odontocetes, these are driven by rates of temperature change. 

Finally, I switch from morphological to taxonomic diversity and investigate 

environmental and anthropogenic impacts on diversity in shallow-time, 

reinforcing the importance of long-term strandings data to monitor impacts. 

My results highlight the idiosyncrasies of species responses to environmental 

and anthropogenic impacts. Differences in diversity between suborders 

reflects their different early innovations and resultant óecospaceô occupation. 

Importantly, this work highlights the differences in drivers behind mysticete and 

odontocete evolutionary rates, particularly with regards to climate change. The 

different historical responses of extant suborders highlight a requirement for 
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separate, tailored conservation and mitigation of climate impacts for toothed 

and baleen whales. 
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Impact statement  

In this thesis I investigate cranial morphology in cetaceans (whales, dolphins, 

and porpoises) and address drivers behind their diversification through deep 

time using fossils, through to shallow time using strandings data. This is the 

most comprehensive investigation into cranial morphology in cetaceans to 

date, unsurpassed in its taxonomic sampling and quantification of morphology. 

It addresses questions of interest to evolutionary and developmental 

biologists, ecologists, and conservationists to build a picture of past and 

present influences of cranial morphology. This thesis has also produced the 

most detailed analyses to date of how ecology, allometry, phylogeny, global-

scale change, and anthropogenic impacts influence diversity in cetaceans 

across their entire evolutionary history. 

These results have helped assess the ecological limits and adaptations of 

cetaceans to biotic and abiotic changes in the past, and in future may help the 

development of more accurate models of evolution and a better understanding 

of impacts on cetacean diversification. This knowledge, from understanding 

the idiosyncrasies of how baleen whales respond to climate change compared 

to toothed whales, to highlighting stranding hotspots in UK and Irish waters, 

can be used to help mitigate the future impact of climate change and other 

anthropogenic impacts on cetaceans.  

I have published two chapters from this thesis in internationally renowned 

journals. The chapters have been cited multiple times and the remaining 

chapters will be submitted for publication shortly. I have presented my work at 

twelve national and international conferences, twice as an invited speaker and 

at numerous public events at the Natural History Museum, London, including 

a panel event for óSeven Worlds, One Planetô by the BBCôs Natural History 

Unit. I have also been interviewed on UK television (ITV News) and German 

national radio as a whale specialist and have had news articles on my 

published research in The Conversation, iNews, National Geographic, 

MailOnline, and The Independent. 
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My cranial morphometric data set (200+) will be free to download from 

www.phenome10k.org. These skulls can be used by other researchers for 

further exploration into cetacean morphology, evolution, ecology, and much 

more. Finally, I have taught geometric morphometrics to students at UCL and 

Imperial College, built a teaching portfolio based on my PhD work, and gained 

an Associate Fellowship of the Higher Education Academy.  

Cetaceans capture the imagination of scientists and the public, and I feel 

honoured to have had the opportunity to share my work with a variety of 

audiences. This thesis is an important contribution to our knowledge and 

understanding of the drivers and impacts on cetacean diversity. I use methods 

from a broad range of disciplines including palaeontology and neonatology to 

produce the most comprehensive research on cranial morphology and 

diversity across Cetacea to date. This research and the publications, 

conference talks, and collaborations that have disseminated from it will be a 

valuable contribution to cetacean science and the wider fields of evolutionary 

biology, morphometrics, and ecology. I have thoroughly enjoyed the public 

engagement and outreach that my research has offered me, and I strive to 

make this a significant part of my career. 
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Chapter one 

 Introduction  

 

 

 

óóWhere great whales come sailing by,  

Sail and sail, with unshut eye,  

Round the world for ever and ayeò  

 

- Matthew Arnold 
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1.1 General overview  

For centuries, scientists have been inspired by key questions such as why 

some species survive and radiate, whilst others go extinct (Darwin, 1859). 

More recently, scientists have been asking questions about what will happen 

to organisms as the planet continues to warm and change due to human 

pressures (Pearson and Dawson, 2003; Bellard et al., 2012; Goswami et al., 

2016). Global biodiversity patterns are the consequence of many historical and 

present spatial and temporal processes (Fritz et al., 2013). Therefore, to obtain 

a full understanding of this bigger picture we need to consider speciesô 

ecology, morphology, and adaptations both now and in the past using the fossil 

record. To investigate these influences on living and fossil animals at the larger 

scale, an integrated macroecological and macroevolutionary perspective is 

required (Fritz et al., 2013; Guillerme and Cooper, 2016). 

In this thesis, I focus my research questions on cetaceans (whales, dolphins, 

and porpoises), the only fully aquatic mammals besides the sirenians 

(manatees and dugongs). Their distinctive anatomy and ecological 

adaptations make for óthe most peculiar and aberrant of mammalsô ï George 

Gaylord Simpson (Simpson, 1945). As far back as the 4th century BC, Aristotle 

marvelled at the fact that cetaceans breathe air, give birth to, and suckle live 

young, and provide parental care (Marx et al., 2016a).  These charismatic 

mammals provide plentiful inspiration for the public and scientists alike. The 

scientific literature on cetaceans is extensive and broad, ranging from 

anthropogenic effects on ecology such as the impacts of whale watching on 

breeding behaviours in humpback whales (Megaptera novaeangliae) 

(Schaffar et al., 2009; Villagra et al., 2021), to bite force and diet specifics of 

individual species such as the fossil basilosaurids (Fahlke et al., 2013; Snively 

et al., 2015), through to macroevolutionary studies on diversity (Marx and 

Uhen, 2010; Marx and Fordyce 2015) and radiation (Steeman et al., 2009) 

through time. The latter area of study tends to focus on either baleen whales 

(mysticetes) (Marx and Uhen, 2010; Marx and Fordyce 2015) or on toothed 

whales (odontocetes) (Serio et al., 2019), bar some exceptions which look 

across both (Steeman et al., 2009; Slater et al., 2010) with increasing interest 

in molecular evolution and macroevolutionary patterns (McGowen et al., 2009; 
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McGowen et al., 2014). Numbers of publications on fossil whales have 

increased dramatically since the 1960s with around 50-60 publications each 

year in the 2010s (Marx et al., 2016a).  

Today, the fate of cetaceans and their evolution is entangled with humans and 

our impacts on the planet. We have already caused the localised extinction of 

some populations such as the Atlantic population of the grey whale 

(Eschrichtius robustus) (Mead and Mitchell, 1984), and species extinctions of 

others including the Yangtze river dolphin (Lipotes vexillifer) (Turvey, 2008). 

At the time of writing, the population of Earthôs smallest cetacean, the vaquita 

(Phocoena sinus) hovers at around 19 individuals (Gulland et al., 2020; 

Whibley, 2021). Information obtained from studies of evolutionary biology and 

the fossil record as well as more recent data on species distributions and 

diversity can help us to understand the ecology, adaptability, and distribution 

of living animals and importantly, can play a major role in their conservation 

(Jones and Safi, 2011).   

In this introduction I first give an overview of cetaceans, their biology, 

adaptations, phylogeny, and evolution. I then discuss deep-time (geological 

time) and shallow-time (recent) impacts on cetaceans. I then discuss the whale 

cranium with a focus on its morphology, evolution, and drivers of morphology. 

I then outline the use, and drawbacks of using fossil data, and compare this to 

shallow time data. Finally, I conclude with my aims and objectives for this 

thesis and a chapter-by-chapter overview.  

1.2. The subject: Why cetaceans?  

In 2019, the International Monetary Fund placed a monetary value of $2 million 

on each great whale (Chami et al., 2019). This valuation was not based on 

goods such as meat or blubber or even tourism, but instead as a means of 

mitigating climate change. Microscopic phytoplankton contribute 50% of the 

oxygen in our atmosphere when they photosynthesise, and as they do so, they 

also sequester 37 billion metric tons of CO2 annually (Chami et al., 2019). 

Whale faeces are rich in iron and nitrogen acting as a rich fertiliser, and 

wherever there are whales, there is a multiplier effect on these phytoplankton 

(Roman et al., 2014). Further, the vertical movement of whales in the water 
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column mixes these nutrients (Roman et al., 2014), and, once a whale dies, it 

will sequester 33 tons of CO2 within its carcass. It is calculated that if whales 

were to return to their pre-whaling numbers, they would capture 1.7 billion tons 

of CO2 annually (Chami et al., 2019). Furthermore, because cetaceans travel 

vast distances, they are exposed to multiple environmental pressures in 

diverse locations (Ramp et al., 2015); thus, their health offers an indication of 

the health of vast swathes of the environment year on year.  

As well as being ecosystem engineers, whales occupy the top trophic position 

in the worldôs oceans. It is well established that large predators can critically 

alter food web structure and function, including direct effects on prey 

populations and indirect trophic cascades (Estes et al., 1998; Williams et al., 

2004; Bowen and Lidgard, 2012; Riesch et al., 2012). Given that cetaceans 

are wide ranging, apex (top) predators, they integrate information from the 

bottom to the top of the food web and amplify trophic information across vast 

swathes of ocean habitat, offering a unique perspective into ocean functioning. 

There has therefore been increasing interest in developing methods of 

monitoring whales and improving methods for their conservation (Hunt et al., 

2013).  

Studying cetacean functional morphology, evolution, and ecology is important 

to better understanding ecosystem processes which could help manage 

changing marine environments now, and in the future (Bowen and Lidgard, 

2012). This is especially important given that human impacts on whales have 

increased significantly over the past centuries and are predicted to continue to 

do so. Some of these threats include ship strikes, bycatch (the unintentional 

trapping of non-target species in commercial fishing nets), chemical and noise 

pollution, and climate change (Davidson et al., 2012; Hunt et al., 2013). There 

are many tools at our disposal to monitor cetaceans such as faecal sampling, 

respiratory sampling (óblowô), skin/blubber sampling, and photographic 

identification (Hunt et al., 2013). Unfortunately, despite the many benefits of 

studying cetaceans, there are logistical and operational challenges to studying 

large, mobile animals out at sea (Roman et al., 2014). Cetaceans can be 

difficult to locate in vast oceans, especially as they spend much of their lives 

submerged underwater and are often inconspicuous even at the surface. This 
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is where data from strandings, when a cetacean becomes grounded on land, 

(see 1.8.1) can be incredibly useful, particularly for long term monitoring of 

species assemblage and population declines (Pyenson, 2010; Gulland, 2006).  

The benefits of researching cetaceans extend beyond the extant species. The 

study of the fossil record can help us understand the nature and adaptability 

of extinct species. Cetaceans are large and distinctive, and, because of that, 

their fossils are often easier to identify in deposits. Further, many parts of their 

skeleton, such as the dense inner and middle ear tend to preserve well, even 

in unfavourable conditions (Marx et al., 2016a) contributing towards their good 

fossil record. From an evolutionary perspective, cetaceans offer an 

exceptional opportunity to study ecological transitions and dramatic 

evolutionary transformations (Kelley and Pyenson, 2015; Pyenson, 2017). 

Cetaceans transitioned from being land-based, to wholly aquatic in just eight 

million years (Thewissen et al., 2009; Thewissen, 2014; Fordyce, 2018) (see 

1.3). This transition is one of the most profound changes in adaptive zone 

captured in the fossil record (Thewissen, 2014). It showcases cetaceans as 

an exemplar of morphological and ecological change which, alongside their 

remarkably continuous fossil record, makes them ideal for macroevolutionary 

and palaeobiological studies (Thewissen and Bajpai, 2001). The cetaceansô 

move from a terrestrial to a wholly aquatic lifestyle engendered unique 

changes in anatomy, physiology, and behaviour (Gatesy et al., 2013). This 

move into a new adaptive zone gave rise to the largest, loudest, biggest 

brained, deepest diving, fastest swimming, longest migrating mammals on the 

planet. They evolved adaptations to hunt and navigate in murky waters 

(echolocation), and to filter feed (baleen). Thus, cetaceans provide a unique 

opportunity to study morphology and ecology through deep time to the present.  

1.2.1 What is a whale? 

There are around 95 extant species of cetaceans (McGowen et al., 2009; 

Jefferson et al., 2011; Marx and Fordyce, 2015) which comprises the whales, 

dolphins, and porpoises.  Extant cetaceans are divided into two suborders, the 

Odontoceti (toothed whales) and the Mysticeti (baleen whales), which 

diverged ca. 39 million years ago (Steeman et al., 2009). Firstly, it is 
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worthwhile to consider the nomenclature describing this infraorder. Rather 

confusingly, the ótoothed whalesô also includes all dolphins and porpoises, and 

the term ówhaleô is today used as a loose description of both baleen whales 

and toothed whales. In the past the term whale tended to be associated with 

the larger baleen whales, such as the fin whale (Balaenoptera physalus) and 

the Sei whale (Balaenoptera borealis) but this is no longer the case. For 

example, beaked whales, are more closely related to dolphins and porpoises 

than they are to mysticetes. However, beaked whales do not sit within the 

family Delphinidae, which contains well-known dolphins such as bottlenose 

(Tursiops truncatus) and short-beaked common dolphins (Delphinus delphis) 

and instead sit within Ziphiidae.  Furthermore, none of the óriver dolphinsô sit 

within the family Delphinidae either, instead forming multiple distinct families: 

Iniidae, Platanistidae, Lipotidae, and Pontoporiidae (the last of which 

confusingly tends to inhabit coastal and saltwater estuaries rather than rivers) 

(Jefferson et al., 2011). The term ówhaleô is often used as an umbrella term to 

encapsulate all cetaceans, tacitly including dolphins and porpoises, and I 

follow this terminology throughout this thesis, using ówhaleô as an overarching 

term for all cetaceans. Mysticeti refers to the monophyletic clade 

encompassing the baleen whales, and extinct toothed mysticetes (i.e., early 

mysticetes which had teeth before baleen evolved ï more below). Odontoceti 

refers to the toothed whales, a monophyletic clade which includes all extant 

cetaceans that do not have baleen, including whales which do not have any 

erupted teeth or any obvious dentition such as the suction feeding beaked 

whales. Finally, the archaeocetes, or ancient whales, form the cetacean stem 

group, and, in the earliest forms, do not resemble extant whales at all (more 

below); however, they are also included in the umbrella term ówhalesô. I assign 

the mysticetes and the odontocetes as two separate suborders throughout as 

is commonly accepted for these groups. I also refer to the archaeocetes as a 

third suborder. However, although originally considered a formal suborder 

(Archaeoceti), the archaeocetes are a paraphyletic assemblage defined by 

retained plesiomorphic characters (Marx et al., 2016a). I use suborder as a 

loose term for ease to describe three separate groups of whales: the 

paraphyletic archaeocetes, the monophyletic mysticetes, and the 

monophyletic odontocetes.  
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1.2.2 Cetacean biology and adaptations  

Cetaceans are the most taxonomically diverse aquatic mammal clade 

(Fordyce and Barnes, 1994), and inhabit most major ocean basins and some 

rivers (McGowen et al., 2009). Cetacea also contains the largest animals that 

have ever existed, with the largest being the extant blue whale (Balaenoptera 

musculus) (Fig. 1.1), which can reach 30 metres in length and can exceed 

150,000 kg in weight (Nowak, 1999). In terms of body size, cetaceans span 

five orders of magnitude, from the vaquita (Phocoena sinus) (Fig. 1.1) 

weighing ~30-40 kg and measuring ~130cm (Gulland et al., 2020) to the 

balaenopterid behemoths. Generally, the extant mysticetes are bigger than the 

extant odontocetes, excluding the sperm whale (Physeter macrocephalus) 

and some of the larger beaked whales, with the smallest baleen whale, the 

pygmy right whale (Caperea marginata) still weighing a hefty 3,000 kg and 

measuring around 6.5 metres (Kemper, 2009). Several examples of this vast 

range in size and morphology are shown in Fig. 1.1.  
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[Figure on previous page] 

Fig. 1.1. An example of some of the morphologies and scales of the cetacean skull. 

These skulls are 3D surface scans of skulls used throughout this study. 1. The largest 

mysticete and largest animal ever to exist, the extant blue whale Balaenoptera 

musculus (NHM 1892.3.1.1); 2. Miocene mysticete, Diorocetus hiatus (USNM 

16783); 3. Extant Northern bottlenose whale, Hyperoodon ampullatus (NHM 

1992.42); 4. The current earliest known mysticete, Mystacodon selenensis (MUSM 

1917); 5. Middle Eocene protocetid, Aegyptocetus tarfa (MSNTUP I-15459); 6. Late 

Oligocene mysticete, Aetiocetus cotylalveus (USNM 25210); 7. Early Oligocene 

odontocete Cotylocara macei (CCNHM 101. 9); 8. Extant short-beaked common 

dolphin, Delphinus delphis (AMNH 75332); 9. The current earliest known cetacean, 

Pakicetus attocki (PVM 100148); 10. The current earliest known odontocete 

Simocetus rayi (USNM 256517); 11. The bizarre Pliocene odontocete, 

Odobenocetops peruvianus (SMNK PAL 2491); 12. The vaquita (Phocoena sinus 

(SDNHM 20697), the smallest extant cetacean. Note how the Miocene Diorocetus (2) 

and the extant Balaenoptera (1) have a similar morphology but very different size. 

The male Hyperoodon specimen (3) has massive maxillary crests, but the maxillary 

crests were not included (landmarked) in this study as I do not investigate sexual 

dimorphism.  

Cetaceans display a wealth of different adaptations that allow them to live a 

fully aquatic existence.  Most obviously, cetaceans have lost their external hind 

limbs (a vestigial pelvis is typical in mysticetes and common in odontocetes, 

most likely as an attachment point for muscles and reproductive organs; 

Adam, 2002; Gatesy et al., 2013). They have also evolved a hydrodynamic 

and streamlined fusiform body (Jefferson et al., 2011; Gatesy et al., 2013; 

Davis et al., 2019) (Fig 1.2). Many of the adaptations synonymous with being 

a whale are evolutionary losses: loss of external ears, loss of external 

hindlimbs, loss of full body hair, loss of teeth, and loss of olfaction in 

odontocetes (Gatesy et al., 2013; Marx et al., 2016a). Many of the acquisitions 

that whales have are unique among mammals: baleen, posteriorly positioned 

nares, dorsal fins, extreme retrograde (odontocetes) and prograde 

(mysticetes) telescoping in the skull, and pleated throat pouches (Gatesy et 

al., 2013; Davis et al., 2019). Further, cetaceans have evolved the ability to 

thermoregulate and osmoregulate in salt water, and some species can hunt 
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3km below the surface under immense ambient pressures in complete 

darkness. The cetacean navigation and detection system is also modified for 

a life aquatic. Odontocetes have evolved the ability to echolocate (using sound 

to detect prey and navigate in turbid waters), and mysticetes have evolved 

several mass feeding strategies such as lunge, and bulk feeding (Berta et al., 

2016; Marx et al., 2016b). Both strategies were so successful that the 

mysticetes and odontocetes rapidly diversified, creating a gulf between the two 

suborders defined by these key adaptive characteristics.   
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[Figure on previous page] 

Fig. 1.2. Adaptations in modern cetaceans from Gatesy et al. (2013). Modern 

cetaceans represent a mixture of traits, many of which enable an obligately aquatic 

lifestyle. Some of the characteristic features of extant cetaceans are indicated in 

illustrations of the delphinid odontocete Tursiops truncatus (bottlenose dolphin), top 

and middle, and the balaenopterid mysticete Balaenoptera musculus (blue whale). 

Artwork is by Carl Buell. Source: Gatesy et al. (2013).  

1.3 Cetacean evolution 

Cetaceans originated approximately 55-54 Mya in the eastern Tethys sea 

(Bajpai and Gingerich, 1998). Hypotheses of Cetaceaôs origins have been 

discussed for centuries. In the 1880s, William Flower suggested that whales 

may have arisen from an archaic hoofed mammal due to the similarities in 

complex organs such as the stomach and in the development of young 

(Flower, 1883). Molecular and morphological findings indicate that Cetacea 

sits within Artiodactyla (i.e., even- toed-ungulates such as cows, pigs, deer, 

camels, and hippopotamuses) with hippopotamoids as the closest living 

relative was confirmed in the 1990s by DNA and protein analyses (Gatesy, 

1998). As cetaceans are deeply nested within the artiodactyls, the term 

Cetartiodactyla is sometimes used with modern nomenclature further dividing 

the group into four subgroups, including the Whippomorpha (hippopotamids 

and whales) (Price et al., 2005; Marx et al., 2016a). Gingerich et al. (2001) 

found that Eocene archaeocetes bore astragali (ankle bones) similar to the 

highly derived ankle bones of artiodactyls (Fig. 1.3). The artiodactyl astragalus 

assumes a highly characteristic ôdouble-pulleyô morphology unseen in any 

other mammal (Marx et al., 2016a), elucidating the relationship of whales to 

land-based mammals.  

ŭ13C and ŭ18O from early cetacean bones and teeth indicate that the earliest 

cetaceans, the pakicetids (early to Middle Eocene) inhabited shallow, 

freshwater environments but were still mostly terrestrial (Clementz et al., 

2006). The pakicetids lacked the aquatic adaptations which later Eocene 

cetaceans, such as the basilosaurids and dorudontids had. In the latter, these 

include shorter necks, a wrist and distal forearm flattened in the plane of the 
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hand; and tiny hind limbs (Thewissen et al., 2001). However, pakicetids do 

display some cetacean synapomorphies of the ear, with adaptations for 

underwater hearing (Thewissen et al., 1994). By 47.8-41.3 Mya, the ôwalking 

whaleô, Ambulocetus natans, exhibited adaptations for both terrestrial and 

aquatic locomotion (Thewissen et al., 1994) (Fig. 1.3; 1.4). Although extant 

cetaceans do still have innominate pelvic bones, external hind limbs had 

disappeared by the end of the Eocene.  

 

 

 

Fig. 1.3. Simplified phylogeny of archaeocetes (À) and their relation to the Neoceti. 

The basilosaurids and protocetids are likely paraphyletic. From Marx et al. (2016a).  

Key aquatic adaptations in the protocetids and the basilosaurids, such as the 

ability to osmoregulate, emerged sometime after the cetacean ancestors 

migrated into the water. These adaptations facilitated a geographical move 

outside the Tethys sea into the Atlantic and Pacific oceans in the late Eocene 

(Clementz et al., 2006). The remingtonocetids, protocetids, and basilosaurids 

had higher ŭ18O levels than pakicetids, indicating movement into marine 

environments, with the basilosaurids and protocetids (Fig. 1.4) exhibiting ŭ18O 

levels almost identical to modern cetaceans (Clementz et al., 2006). 

Protocetidae (early Middle Eocene) and Basilosauridae (late Middle Eocene 

to Late Eocene) were among the lineage leading to modern mysticetes and 
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odontocetes (Slater et al., 2010; Marx and Fordyce, 2015) (Fig. 1.4). The 

basilosaurids and kekenodontids (the last of the archaeocetes) are part of the 

clade, Pelagiceti ï the fully aquatic cetaceans which includes the mysticetes 

and odontocetes.  We now know that the archaeocetes are a paraphyletic 

assemblage, which persisted (as the kekenodontids) until the Late Oligocene 

(ca 25 Mya), existing alongside their descendants, the Neoceti (Marx et al., 

2016a). 

 

Fig. 1.4. Cetacean evolution from land to water. Overview of the transition from 

Pakicetidae, the terrestrial cetaceans (bottom) to the aquatic taxa of today (top). From 

Marx et al. (2016a). 
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Once cetaceans were fully aquatic, novel forms of feeding appeared. Around 

33 Mya, some species had evolved ways to filter feed vast quantities of small 

prey, whilst others had evolved the ability to echolocate. Key families often 

referred to throughout this thesis are as follows: The Early-Middle Eocene is 

represented by the land-dwelling family Pakicetidae (Fig. 1.4; 1.5) through to 

semi-aquatic Ambulocetidae and Remingtonocetidae. The Pelagiceti (Fig. 1.5) 

are represented by the fully aquatic Basilosauridae of the Late Eocene through 

to the modern Neoceti. This includes representation of some early stem 

toothed mysticetes such as Mystacodon selenensis, Mammalodontidae and 

the Aetiocetidae of the Early-Mid Oligocene (Fig 1.5). Unfortunately, the 

Eomysticetidae (some of the first ótrueô baleen whales) were not included in 

this study due to incompleteness of the material (see Chapter 6, section 6.3 

for details). All four extant mysticete families are represented (Balaenidae, 

Neobalaenidae; Eschrichtiidae, and Balaenopteridae). The odontocetes are 

represented by early stem families; the Xenorophidae and the Simocetidae of 

the Early-Mid Oligocene and the óPatriocetidaeô (phylogenetic position is still 

being clarified) of the Late Oligocene. The more crownward odontocetes of the 

Miocene are represented by the Eurhinodelphinidae, Kentriodontidae, 

Albireonidae, Squalodelphinidae, Squalodontidae, and Allodelphinidae among 

other extinct families. All ten extant odontocete families are represented (Fig. 

1.5). Fig. 1.5. shows the phylogeny from Lloyd and Slater (2020). This 

phylogeny is the most current phylogeny for Cetacea and is modified to 

represent my data set (with a few additions) in Chapters 2-4. A table of the 

families studied in this thesis is also provided (Table 1.1).  
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Fig. 1.5. Current up-to-date cetacean phylogeny from Lloyd and Slater (2020). 

Maximum a posteriori chronogram derived from simultaneous Bayesian inference of 

topology and branch lengths. The strict consensus metatree was derived from 

analysis of speciesïlevel Operational Taxonomic Units (OTUs) and was used as a 

topological constraint with stratigraphic ages for extinct taxa and Cytochrome B 

sequence data for extant taxa used to help resolve polytomies. Shaded bars 

correspond to marine stages. Source: Lloyd and Slater (2020).  
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Table 1.1. Stratigraphic ranges of major groups of cetaceans in age order from basal 

to crownward (Marx et al., 2016a). *Indicates those included in my research. Extant 

families are in bold. Note, these ranges are approximations based on current fossils 

and literature. For details on all specimens see Appendix 2 and 3.  

Family name 

Assemblage 

(unofficially 

ósuborderô) 

Approximate stratigraphic range 

Pakicetidae* Archaeocete Early Eocene (Ypresian) 

Ambulocetidae* Archaeocete Middle Eocene (Lutetian) 

Remingtonocetidae* Archaeocete Middle Eocene (Lutetian) 

Protocetidae* Archaeocete Middle Eocene (Lutetian) ï Late Eocene (Bartonian/Priabonian) 

Basilosauridae* Archaeocete Middle Eocene (Lutetian) ï Late Eocene (Bartonian/Priabonian) 

Kekenodontidae* Archaeocete Early Oligocene (Rupelian) ï Late Oligocene (Chattian) 

Llanocetidae Mysticete Late Eocene (Priabonian) 

Aetiocetidae* Mysticete Early Oligocene (Rupelian) ï Late Oligocene (Chattian) + Miocene (?) 

Charleston mysticetes Mysticete Early Oligocene (Rupelian) 

Neobalaenidae* Mysticete Early Oligocene (Rupelian) 

Eomysticetidae Mysticete Early Oligocene (Rupelian) ï Late Oligocene (Chattian) + Miocene (?) 

Mammalodontidae* Mysticete Late Oligocene (Chattian) 

stem balaenopteroids Mysticete Late Oligocene (Chattian) + Miocene 

Balaenidae* 
 

Mysticete 
 

Early Miocene (Burdigalian) ï Quaternary 
 

Aglaocetidae* Mysticete Early Miocene (Burdigalian) - Late Miocene (Tortonian) 

Balaenopteridae* Mysticete Middle Miocene (Serravallian) ï Quaternary 

Cetotheriidae* 
 

Mysticete 
 

Middle Miocene (Serravallian) ï Quaternary  
 

Pelocetidae* Mysticete  Middle Miocene (Serravallian) 

Eschrichtiidae* Mysticete Late Miocene (Tortonian) ï Quaternary 

Tranatocetidae* Mysticete  Late Miocene (Tortonian) 

Simocetidae* Odontocete Early Oligocene (Rupelian) ï Late Oligocene (Chattian) 

Agorophiidae* Odontocete Early Oligocene (Rupelian) 

Ashleycetidae Odontocete Early Oligocene (Rupelian) ï Late Oligocene (Chattian) 

Xenorophidae* Odontocete Early Oligocene (Rupelian) ï Late Oligocene (Chattian) 

Mirocetidae Odontocete Late Oligocene (Chattian) ï Middle Miocene (Langhian) 

Patriocetidae* Odontocete Late Oligocene (Chattian) ï Late Miocene (Tortonian) 

Waipatiidae* Odontocete Late Oligocene (Chattian) ï Late Miocene (Tortonian) 

Physeteroidea* 

(including Kogiidae) 

Odontocete  Late Oligocene (Chattian) ï Quaternary 

Squalodontidae  Odontocete  Late Oligocene (Chattian) ï Middle Miocene (Serravallian)  

Eurhinodelphinidae* Odontocete Early Miocene (Aquitanian) ï Middle Miocene (Serravallian) 

Eoplatanistidae Odontocete Early Miocene (Aquitanian ï Burdigalian) 

Squalodelphinidae* Odontocete Early Miocene (Aquitanian) ï Middle Miocene (Langhian) 

Platanistidae* Odontocete Early Miocene (Aquitanian) ï Quaternary 

Allodelphinidae* Odontocete Early Miocene (Aquitanian) ï Late Miocene (Tortonian) 

Ziphiidae* Odontocete Early Miocene (Aquitanian) ï Quaternary 

Kentriodontinae* Odontocete Early Miocene (Aquitanian) ï Late Miocene (Tortonian) 

Lophocetinae* Odontocete Middle Miocene (Langhian) ï Late Miocene (Tortonian) 
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Pithanodelphininae Odontocete Middle Miocene (Serravallian) ï Late Miocene (Tortonian) 

Albireonidae* Odontocete Late Miocene (Tortonian) ï Quaternary (Gelasian) 

Odobenocetopsidae* Odontocete Late Miocene (Tortonian) ï Pliocene (Zanclean) 

Pontoporiidae* Odontocete Late Miocene (Tortonian) ï Quaternary 

Iniidae* Odontocete Late Miocene (Tortonian) ï Quaternary 

Phocoenidae* Odontocete Late Miocene (Tortonian) ï Quaternary 

Delphinidae* Odontocete Late Miocene (Tortonian) ï Quaternary 

Lipotidae* Odontocete Late Miocene (Tortonian) ï Quaternary 

Monodontidae* Odontocete Late Miocene (Messinian) ï Quaternary 

 

 

1.3.1. Macroevolutionary patterns in deep and shallow time 

Thanks to their remarkably continuous fossil record, cetaceans provide a good 

opportunity for studies of disparity (morphological diversity) and diversity 

through time. These previous studies have identified some key periods in 

cetacean evolution which are highlighted throughout this thesis. The Eocene-

Oligocene boundary (ca. 34 Mya) marks a major transition in the diversification 

of cetaceans. Archaeocetes, except for the long surviving kekenodontids 

(which survived alongside the neocetes for another 10 million years), began 

to disappear, giving way to the mysticetes and odontocetes. Four of the five 

archaeocete families had already disappeared by the time the neocetes 

appeared, and it is likely that newly diverging toothed mysticetes continued the 

archaeocete strategy of ocean-going raptorial feeding (Marx et al., 2016a). It 

is unclear whether archaeocetes were outcompeted by the neocetes, but Marx 

et al. (2016a) suggest that the decline in the former, although profound, may 

not necessarily indicate a major replacement event. 

It is unclear what caused this transition from the archaeocetes to the neocetes. 

Modern cetaceans are often described as an adaptive radiation which was 

either spurred on by an ecological opportunity created by the disappearance 

of the archaeocetes, or by the emergence of suborder-specific key 

innovations: baleen and echolocation (Slater et al., 2010). Slater et al. (2010) 

quantified phenotypic diversification and tempo of phenotypic evolution in 

cetaceans for the first time. Their study found that fluctuations in net 

diversifications (perhaps because of high extinction rate) may have erased any 
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signature of a proposed early burst early in the phylogeny (Slater et al., 2010). 

That study suggests that an adaptive radiation may have occurred and that a 

signature of the event may be retained within morphological traits, with a focus 

on size. Slater et al. (2010) concluded that changes in cetacean size are 

consistent with shifts in dietary strategy and that this has affected recent 

disparity. More recently, Lloyd and Slater (2020) have shown that the apparent 

pulse of increased cetacean diversification over the past 10 Ma is possibly not 

driven by increased speciation as previously thought but by reduced extinction 

rates. Lloyd and Slater (2020) highlight that this pattern is almost undetectable 

when using just extant species data but is long established in the fossil record.  

It is presently unknown whether these hypothesised shifts occurring around 

the Eocene-Oligocene boundary are associated with competitive interactions, 

dietary shifts, the appearance of key adaptations (echolocation and baleen), 

or extrinsic factors such as climate change.  

1.3.2 Deep time impacts on cetacean diversity ï Climate and ocean 
restructuring 

Palaeoclimate data are often used to consider how species adapted or evolved 

under past climate scenarios and perturbations. Studies such as Bown et al., 

(1994), Figueirido et al. (2012), Teplitsky and Millien (2013), and Clavel and 

Morlon (2017) consider the influence of abiotic factors, specifically climate, on 

body size in several clades. Figueirido et al. (2012) use ŭ18O isotope values 

from Zachos et al., (2008), a commonly used proxy for palaeotemperatures. 

Older studies also considered palaeotemperature curves produced from ŭ18O 

measurements of benthic and planktonic foraminifera (Wing et al., 1991; Bown 

et al., 1994). Clavel and Morlon (2017) use a temperature curve from Cramer 

et al. (2011), similar to the more widely used Zachos curve (Zachos et al., 

2008), also derived from benthic foraminiferal ŭ18O ratios (see 4.3.4 

Palaeoclimate data for a detailed description of the data set). Cramer et al. 

(2011) account for fluctuations in sea water through time, which is important 

for highlighting periods of large-scale glaciations. Other commonly used 

palaeotemperature proxies include TEX86, an organic paleothermometer 

measured by the distribution of isoprenoidal glycerol-dialkyl-glycerol-
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tetraethers (GDGTs) in marine Archaea (Inglis et al., 2015) and Mg/Ca, which 

has some advantages over other palaeotemperature proxies and is often used 

to investigate changes in isotopic composition (Barker et al., 2005). Below I 

outline previous studies that consider palaeo proxies alongside cetacean 

evolution.  

The Eocene-Oligocene boundary coincides (roughly) with a rapid drop in 

global temperatures, Antarctic glaciation, and the onset of the Antarctic 

Circumpolar Current (ACC), the dominant ocean current in the Southern 

hemisphere (Rintoul et al., 2001; Böning et al., 2008). The ACC appeared 

when South America and Antarctic separated, forming the Drake Passage, 

and is driven in part by vigorous mid-latitude winds (Böning et al., 2008). It 

provides an important heat and gas exchange surface between air and sea 

(Böning et al., 2008), and the circum-Antarctic cold-water currents positively 

influence phytoplankton productivity and circulation of nutrient rich waters 

(Lipps and Mitchell 1976; Kennett 1978; Fordyce 1980; Berger, 2007).  

The onset of the ACC likely coincided with an increase in ocean productivity, 

and several studies attribute this ocean restructuring, at least partially, with the 

diversification of the Neoceti (Fordyce 1980; Berger, 2007; Marx and Fordyce, 

2015; Marx et al., 2016a). Marx and Uhen (2010) suggest that the proliferation 

of large diatoms during the Late Eocene may have supported short food chains 

and large apex predators such as mysticetes (Marx and Uhen, 2010). Further, 

they suggest that the rise of diatoms may have facilitated the evolution of 

baleen. However, Pyenson (2017) argued that the link between diversification, 

mass filter feeding, and diatoms at this time is uncertain, as the timing of the 

onset of the ACC is still debated. Others concur that ACC of the Eocene-

Oligocene was already deep enough to replicate modern mixing (Pfuhl and 

McCave, 2005), and therefore the immediate effects of the ACC are much 

debated (Marx et al., 2016a). Some studies, including Steeman et al. (2009), 

provide support for the potential link between neocete radiation and the onset 

of the ACC. In contrast to an adaptive radiation model, Steeman et al. (2009) 

found no support for a rapid burst in speciation. Instead, they found support 

for increased rates of diversification during periods of ocean restructuring, 

concluding that palaeoceanographic changes had the biggest influences on 
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cetacean radiations (Steeman et al., 2009). Rabosky et al. (2014) suggest that 

Cetacea underwent elevated rates of speciation followed by a steady decline 

which associated more so with an early adaptive radiation than one caused by 

ocean restructuring. Marx and Fordyce (2015) compiled a data matrix of 90 

fossil and extant cetaceans, 86 of which were mysticetes, and scored them for 

morphological and molecular characteristics. They used climate data from 

Zachos et al. (2008) and total evidence dating and concluded that 

approximately 23 Mya evolutionary rates and disparity in the mysticetes fell 

and then became nearly constant. They suggest that this was the 

consequence of the ACC reaching its full strength (Marx and Fordyce, 2015). 

This study was conducted on mysticete rates and disparity only, to date no 

such study has been done across Cetacea.  

Cetacean taxonomic diversity peaked again around the Mid-Miocene Climatic 

Optimum, a potential consequence of increased marine productivity and 

climate change (Marx and Uhen, 2010). Much of this peak is attributed to 

diversification in oceanic delphinids. However, it is unclear whether this is a 

consequence of ocean restructuring or innovations in delphinid evolution 

(Rabosky, 2014; Steeman et al., 2009) such as those shifts in dietary strategy 

and the effects of these shifts on size, as proposed by Slater et al. (2010), or 

perhaps even a reduction in extinction rates rather than in increased speciation 

ï a pattern often seen in the fossil record (Lloyd and Slater, 2020). To date, 

most work on cetacean diversification has focused either on taxonomic 

diversity or univariate metrics, such as body size. No multivariate study has 

sampled across the whole of Cetacea nor quantified cetacean morphology 

using a morphometric approach to reconstruct the drivers of cetacean 

diversity, my thesis is the first to do so (see Chapters 3 and 4).  

1.3.3 Shallow time impacts on cetacean diversity ï human impacts   

The fate of cetaceans is now intertwined with humans. Our activities regarding 

the atmosphere and oceans have a direct effect on the planetôs biodiversity 

(Butchart et al., 2010; Jones and Safi, 2011). Human activities impact whales 

both indirectly via processes such as global warming and more directly through 

hunting, ship strike, and overfishing, to name just a few. In the past, humans 
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have mercilessly hunted whales almost to the brink of extinction (Roman et 

al., 2014). Between 1900 and 1999, 2.9 million whales were killed by the 

whaling industry, over two million of which were taken from the Southern 

Hemisphere, +270,000 from the North Atlantic, and +560,000 from the North 

Pacific (Rocha et al., 2014). Genetic analyses have shown that historic 

populations of fin whales (Balaenoptera physalus) and humpback whales 

(Megaptera novaeangliae) were between 6-20 times higher than they are 

today (Roman and Palumbi, 2003) and that baleen whale numbers crashed 

by at least 66% and as much as 90% during the twentieth century (Roman et 

al., 2014). Fortunately, in 1982, the International Whaling Commission 

announced that there should be a pause in whaling and an international 

moratorium was brought into effect in 1986 (Stoett, 1997). This is only a short 

time ago in the lifespan of some whales (Jefferson et al., 2011), and many 

populations of large baleen whales have still not recovered to their pre-whaling 

numbers (Rocha et al., 2014).  

Due to their size, smaller cetaceans were not hunted in the same way that the 

baleen whales were, however, they are victim to other human impacts.  The 

UK Cetacean Stranding Investigation Programme (CSIP) diagnosed that at 

least 17% of harbour porpoises (Phocoena phocoena), 43% of common 

dolphins (Delphinus delphis), and 36% of minke whales (Balaenoptera 

acutorostrata) recorded as strandings were killed in bycatch between 1990-

2017 (Tindall et al., 2019). Every year 300,000 cetaceans are reportedly killed 

in bycatch, but this is likely a gross underestimate (Ross and Isaac, n.d). The 

list of human threats on cetaceans is extensive and includes but is not limited 

to toxins and pollutants (Hunt et al., 2013), overfishing and associated 

starvation (Leeney et al., 2008; Deaville et al., 2015), noise pollution (shipping 

and military sonar; Hunt et al., 2013), and global warming (Davidson et al., 

2012). An overview of cetacean diversity in both shallow and deep time, the 

causes and consequences of past turnover events and current threats, is 

necessary for building a truly comprehensive picture of cetacean evolution. 



39 
 

1.3.4 Diversity through time - an interdisciplinary approach  

Monitoring populations and cetacean numbers is crucial to understanding our 

impact on these animals. Monitoring programmes use sightings data (Evans 

and Hammond, 2004), strandings data (see Chapter 5 for details), and genetic 

data to monitor the health and resilience of populations. Thanks to monitoring 

and conservation programmes, in some localised cases, cetacean numbers 

are approaching pre-harvest levels (Roman et al., 2014). If this continues to 

be the case, we can expect to see a rise in the ecosystem benefits that healthy 

populations of whales bring (Roman et al., 2014). Likewise, we can also expect 

to see a rise in conflicts between human activities and cetaceans for example 

in bycatch and commercial fisheries (Roman et al., 2014). This is where field 

observations, strandings data, and an increased understanding of historical 

population dynamics are paramount to understanding patterns seen in the 

past and informing predictions for the future (Baker and Clapham, 2004; 

Roman et al., 2014).  

Information provided by the fossil record and evolutionary biology plays an 

important role in understanding the ecology, distribution, and adaptability of 

extant species. Placing species in a phylogenetic context can help us to 

understand loss in genetic and morphological distinctiveness (Pyenson, 2009; 

Marx et al., 2016a) which is useful for targeting efforts for their protection (Marx 

et al., 2016a). It is challenging to answer questions on diversity and distribution 

for long extinct species; however, in many cases, fossils provide the only 

means of establishing what a speciesô original range was before humans 

interfered (Marx et al., 2016a). In this thesis I use a combination of methods 

from palaeontology and neontology to address questions on cetacean 

diversity through time, with a focus on the cetacean cranium.  

1.4 The cranium  

To answer questions on changes in morphological diversity through time, I 

focus on the cetacean cranium. The cranium (the skull minus the mandible) is 

a complex structure which serves diverse functional roles, from feeding, 

breathing, housing the brain, nervous system, and sensory structures, to 
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interacting with the environment. Because of these many functions, the skull 

is of particular interest to vertebrate palaeontologists as it can be used to infer 

diet and other aspects of paleoecology. The skull is the most informative part 

of the cetacean skeleton because of its inherent complexity and because most 

of the bones that comprise the skull have become simplified or modified in 

some way throughout cetacean evolution (Marx et al., 2016a). The 

developmental and functional complexities of the cranium make it ideal for 

investigating the complexities of asymmetry, patterns of trait evolution through 

time, and the evolution of different cranial regions. For these reasons, the 

focus of geometric morphometric studies is often biased towards the skull 

(Cardini et al., 2010; Goswami et al., 2012; Cardini and Polly, 2013; Santana 

and Lofgren, 2013; Santana, 2015; McCurry et al., 2017a; McCurry et al., 

2017b; Felice and Goswami, 2018; Bardua et al., 2019b; Watanabe et al., 

2019; Galatius et al., 2020) to name just a small fraction of examples for 

tetrapods. 

1.4.1 The whale cranium   

Cetaceans have undergone some of the most radical morphological changes 

of any animal on the planet. These massive changes evolved to adapt to a 

fully aquatic lifestyle (Fordyce and de Muizon, 2001) and cetaceans now show 

extremely divergent morphologies from their terrestrial artiodactyl relatives. 

Some of the biggest changes have occurred in the skull, particularly in the 

posterior shifting of the nasals (whereby they have moved from the tip of the 

snout as seen in terrestrial artiodactyls and archaeocetes to the top of the head 

seen in extant cetaceans) to accommodate easier breathing at the surface 

(Heyning and Mead 1990). In addition to this shifting of the nares, posterior 

displacement of the premaxilla and maxilla is seen across Cetacea. The 

cetacean skull varies in its appearance, from the brachycephalic, stubby face 

of the extant pygmy sperm whale (Kogia breviceps) (Fig. 1.6 (8)) and the 

bizarre walrus-like Pliocene Odobenocetops sp. to the extreme elongated 

dolichocephalic rostrum of Schizodelphis morckhoviensis (Fig. 1.6 (6)) and the 

extant Amazon river dolphin (Inia geoffrensis) (Fig. 1.6 (9)). The odontocetes 

are often considered to be the more variable of the extant suborders, with 
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crown mysticetes remaining generally consistent in their morphology across 

the clade with only some small fluctuations in asymmetry recorded through 

time (Fahlke and Hampe, 2015).  
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[Figure on previous page] 

Fig. 1.6. Examples of skull morphology through time. Examples of skull morphology 

through time shown on the phylogeny used in this this thesis (adapted from Lloyd and 

Slater, 2020). The archaeocete part of the phylogeny (background) is highlighted in 

dark brown, mysticetes in light brown, and odontocetes in grey. 1. Pakicetus attocki 

PVM 100148 (Eocene archaeocete); 2. Zygorhiza kochii USNM 11962 (Eocene 

archaeocete); 3. Mystacodon selenensis MUSM 1917 (Eocene mysticete); 4. 

Simocetus rayi USNM 256517 (Oligocene odontocete); 5. Echovenator sandersi 

GSM 1098 (Oligocene odontocete); 6. Schizodelphis morckhoviensis USNM 13873 

(Miocene odontocete); 7. Odobenocetops peruvianus SMNK PAL 2491 (Pliocene 

odontocete); 8. Kogia breviceps USNM 22015 (extant odontocete); 9. Inia geoffrensis 

AMNH 93415 (extant odontocete); 10. Balaenoptera musculus NHM 1892.3.1.1 

(extant mysticete). Skulls not to scale.  

The same cranial bones are retained across Cetacea; generally, there has 

been no loss or gain of bones across the clade, or throughout their evolution, 

bar a few exceptions. Odobenocetops lacks a ventral exposure of the maxilla 

on the palate (de Muizon, 1993; de Muizon and Domning, 2002). Instead, the 

maxillae are relegated to a small area on the side of the rostrum, and an 

elongated strip on the dorsal face (de Muizon and Domning, 2002). The 

kogiids are characterised by, among other features, the loss of both nasals 

(Huggenberger et al., 2017; Collareta et al., 2017; Benites-Palomino et al., 

2019; Benites-Palomino et al., 2021).  

1.4.2 The archaeocete cranium  

The cranium of early archaeocetes largely resembles that of terrestrial 

mammals and lacks most of the extreme modifications observed in later 

whales. The earliest archaeocetes, the pakicetids, had a narrow skull with 

close, dorsally oriented eyes (Nummela et al., 2006) that face sideways in the 

younger ambulocetids but are still located far dorsally. This may suggest that 

the early archaeocetes were ambush predators that spent much of their time 

submerged in shallow water (Thewissen, 2014; Marx et al., 2016a). Although 

very different to the skull of extant cetaceans, even the earliest pakicetids had 

the pachyosteosclerotic (thickened bone) tympanic bulla and anteroposterior 
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aligned shearing-adapted dentition which clearly marks them as cetaceans 

(Uhen, 2007). The younger archaeocetes, e.g., the basilosaurids, show some 

of the modifications associated with more modern cetaceans such as more 

posteriorly positioned nasals. None of the archaeocetes had telescoping, i.e., 

the posterior displacement and expansion of the maxilla and premaxilla 

(Churchill et al., 2018) which is associated with more crownward cetaceans.  

One controversial feature observed in some archaeocetes is cranial 

asymmetry. Cranial asymmetry in cetaceans is associated with echolocation. 

The archaeocetes could not echolocate; however, some basilosaurids and 

protocetids show cranial asymmetry in the rostrum (Fahlke et al., 2011; 

Coombs et al., 2020). This asymmetry may be a consequence of fossil 

deformation (e.g., as in Cynthiacetus peruvianus) rather than biological, but it 

may also have some biological signal (Martínez-Cáceres and de Muizon, 

2011; Martínez-Cáceres et al., 2017). Fahlke et al. (2011) suggested that 

asymmetry found in the archaeocete rostrum evolved to facilitate directional 

hearing.  An archaeocete skull is shown in Fig. 1.7.  
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Fig. 1.7. The bones in the archaeocete skull. Each bone is colour coded (see key). 

Dorsal, ventral, lateral, and posterior views of bones are shown on the skull of the 

basilosaurid, Zygorhiza kochii (USNM 11962).  
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1.4.3 The mysticete cranium  

One of the most obvious features of the mysticete cranium is the forward 

movement of the posterior cranial elements, referred to as prograde cranial 

telescoping (Miller, 1923; Churchill et al., 2018). Previous work has suggested 

that mysticetes have crania that are as bilaterally symmetrical as their 

terrestrial artiodactyl cousins (Fahlke and Hampe 2011), reflecting their lack 

of echolocating ability and specialisation towards a unique feeding strategy for 

mammals. The defining characteristic of extant mysticetes, and the ótrueô 

toothless mysticetes, is the presence of baleen. Although not shown in Fig. 1.8 

or landmarked in this thesis (no dentition is landmarked within this study), the 

presence of baleen influences the shape of the rest of the skull ï for example 

driving selection for a larger, flatter palate and a more planar skull shape (Fig. 

1.8), ideal for surface skimming and lunge feeding (Werth, 2000a). Baleen is 

keratinous sieve-like plates that hang from the upper jaw and allow mysticetes 

to strain vast quantities of zooplankton from the water. This innovative method 

of feeding was so successful that that, once fully adapted to filter feeding, the 

mysticetes rapidly diversified (Marx et al., 2016a). Further, the acquisition of 

vast quantities of prey became so effective that mysticetes were able grow to 

be the largest animals to have ever existed. A mysticete skull is shown in Fig. 

1.8. 
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Fig. 1.8. The bones in the mysticete skull. Each bone is colour coded (see key). 

Dorsal, ventral, lateral, and posterior views of bones are shown on the skull of the 

balaenopterid, Balaenoptera musculus (NHM 1892.3.1.1).  

 

1.4.4 The odontocete cranium  

The odontocete cranium bears two dominant features: extensive posterior 

shifting of the anterior cranial bones (retrograde telescoping; Churchill et 

al., 2018) and extreme bilateral asymmetry. It is well known that many 

odontocetes show pronounced asymmetry in the nasals, premaxilla, and 

maxilla (Fig. 1.9) (Ness, 1967; Mead, 1975), adaptations which enable 

echolocation. The asymmetry in the skull is linked to the hypertrophied 

melon, phonic lips, nasal sacs, and other soft apparatus associated with 

high frequency sound production and echolocation (Cranford et al., 1996; 

Fahlke et al., 2011). The morphology of soft tissues (shifted sinistrally) is 

likely a consequence of the evolution of the underlying bony structures 

(Heyning and Mead, 1990). Echolocation is an extraordinary innovation, 

and its evolution and finesse has become a defining characteristic of the 
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odontocetes, as well as enabling them to diversify into a vast range of 

forms (Marx et al., 2016a). An odontocete skull is shown in Fig. 1.9. 
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Fig. 1.9. The bones in the odontocete skull. Each bone is colour coded (see key). 

Dorsal, ventral, lateral, and posterior views of bones are shown on the skull of the 

delphinid, Delphinus delphis AMNH 75332. 

 

1.5 Studying deep time morphological evolution 

Morphology is a branch of biology concerned with the form and structure of 

organisms (part or whole), their composition, features, and related functions 

(Wake, 1991). Today, morphologists are generally interested in the structural 

integration of parts and their significance in organismal functioning, and the 

resultant limitations and possibilities for ecology and more widely, evolution 

(Kardong, 2019). Morphological analyses can focus on any scale of biological 

study, from proteins to cells, species, communities, lineages, and entire 
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clades. Macroevolutionary patterns of morphological variation, those observed 

above the species level, specifically focus on quantifying patterns across taxa 

and clades. In the context of this thesis, morphology is focused at and above 

the organismal level, including the constituent parts of the cranium, its shape 

and function, and its relevance for understanding an organismôs position within 

an ecological community (Kardong, 2019). Specifically, I use quantitative 

methods to reconstruct the drivers of cetacean morphological evolution 

through deep time, with relevance for their future trajectory.  

1.5.1 What drives the evolution of morphology?  

Many factors influence the evolution of morphology. These include functional 

demands, biotic and abiotic factors, and phylogenetic history. Discerning 

which of these factors dominates or significantly contributes to the evolutionary 

patterns observed in a clade requires quantitative, comparative analysis. 

These factors can also influence different aspects of morphological evolution, 

from the specific aspects of morphological variation associated with certain 

biotic traits, to constraining or promoting morphological disparity and 

evolutionary rate, to determining evolutionary mode. The aspects are not 

necessarily aligned, with rate and disparity showing both concordant and 

discordant patterns in different clades and cranial modules (Goswami et al., 

2010; Felice et al., 2018; Watanabe et al., 2019; Bon et al., 2020). All these 

aspects of morphological evolution are addressed in this thesis. 

One of the most striking patterns that can reflect several of these factors is 

convergent evolution, whereby similar selection pressures in distantly related 

clades can result in similar morphologies. One such example, driven by the 

functional constraints of locomotion, is the morphological similarity between 

the extinct Mesozoic marine reptiles, ichthyosaurs, e.g., Ichthyosaurus 

platyodon, and the extant marine mammals, delphinids e.g., bottlenose 

dolphin (Tursiops truncatus) via a number of adaptations employed by multiple 

species in these clades (McGhee, 2011; Stayton, 2015). These adaptations 

include a fusiform body adapted for fast swimming and an elongate rostrum 

and homodont teeth used to catch fish (McGhee, 2011).  
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The opposite pattern of evolutionary conservatism, reflected as phenotypic 

constraint, also influences morphology in some clades. The mammalian 

cervical vertebra is a good example of morphology reflecting a conservative 

trait. First noted by Darwin (1868), extensive breeding and domestication have 

not altered the vertebra in the way it has produced a spectrum of cranial 

variation (Darwin, 1868; Drake and Klingenberg, 2010; Arnold et al., 2016). 

Importantly, some species of frog on different continents owe their 

morphological similarity to dispersal and evolutionary conservatism, rather 

than evolutionary convergence even over vast spatial and temporal scales 

(Moen et al., 2013). It is thus important to consider which taxa retain ancestral 

traits and resemble taxa due solely to recent shared ancestry.   

Size can also constrain and influence shape. Cardini and Polly (2013) consider 

mammalian facial length and heterochrony. They conclude that growth of the 

face is linked to absolute size, which has implications and constraints on head 

shape. Further, a significant component in mammal facial variation is 

associated with their size diversity, which is orders of magnitude greater 

compared to other vertebrate groups (Cardini and Polly, 2013).   

Habitat can also have a profound influence on morphology. Intraspecific 

studies of green anole lizards showed that animals living on broad, smoothed 

leaved foliage had shorter distal hindlimbs, longer forelimbs, larger toepads, 

and were more slender than those of the same species living only 30km away 

on more ótypicalô continuous bush and shrub vegetation (Irschick et al., 2005). 

Habitat type can also promote faster rates of evolution in some species of 

labrid and haemulid fish (Price et al., 2011; 2013). 

Diet also influences morphology (Santana et al., 2012; Law et al., 2019; Felice 

et al., 2019). In the vertebrate skull, cranial morphology is shaped by adaptive 

evolution for foraging and biomechanical performance required for the 

acquisition and processing of food (Santana et al., 2012). Santana et al. (2012) 

found that in phyllostomid bats, the most diverse mammalian dietary radiation, 

species that consume harder foods such as insect exoskeletons and hard 

fruits, have evolved skull shapes that allow for a more efficient bite force. In 

musteloids, although different diets also influence cranial shapes, species had 
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similar bite forces suggesting that other feeding performance metric and 

possibly even nonfeeding traits are important contributors to cranial evolution 

(Law et al., 2018). Patterns such as these are seen across the animal 

kingdom. 

Another example, in this case driven by the functional ecological pressures of 

nocturnal hunting is enlarged eyes to increase retinal surfaces, as observed in 

nocturnal predators such as the great horned owl (Bubo virginianus) and the 

lesser bush baby (Galago senegalensis) (McGhee, 2011). Adaptations to the 

sensory system can also drive morphology, especially in the cranium which 

houses most of the sensory structures. In the odontocetes a key adaptation is 

the ability to echolocate. This has driven extensive change in the skull such as 

naso-facial asymmetry, which is unique to these echolocating whales (See 

1.4.4). This in turn has helped develop an enormous brain, necessary for 

processing and interpreting acoustic data.  

Developmental strategy has also been found to influence rates of 

morphological evolution. In salamanders, direct developers show the slowest 

rates of evolution and lowest disparity, and paedomorphic species show the 

highest rates and disparity in the cranium (Fabre et al., 2020), limbs (Fabre et 

al., 2014; Ledbetter and Bonett 2019), and vertebral column (Bonett et al., 

2018). Developmental strategy in mammals has also been shown to influence 

integration in the skull. In marsupials, which are born at an altricial state, the 

crania, forelimb ontogeny, and oral apparatus are less disparate than 

placentals which are born at a relatively late stage of development (Goswami 

et al., 2016; Kelly and Sears, 2011). Presumably due to marsupial functional 

selection pressures of needing to climb to a pouch and suckle for extended 

periods. Conversely, cetaceans are highly precocial with long gestation and 

lactation periods (these vary between species and between the toothed 

whales and baleen whales), and typically give birth to just one offspring 

(Jefferson et al., 2011). Limited information is available on diversity in whale 

development, although some baleen whale foetuses do appear in whaling 

collections, studying reproduction in large, protected, mobile marine 

organisms is challenging.  
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There are many factors which influence skull morphology. Except for 

development and brain size, the impacts of echolocation and ecological 

factors such as diet and habitat are the primary factors accessible for living 

and fossil cetaceans and are considered further in this thesis.  

1.5.2 How to quantify morphology  

Understanding vertebrate morphology requires an appreciation of both 

diversity and breadth of shape, and constraints in shape (Webster and 

Webster, 1974). To better understand this, we must quantify morphology. The 

mammal skull is complex and capturing its shape often requires a 3D 

approach. Recent technological advances in 3D imaging have expanded 

these possibilities and enhanced the study of many diverse organisms (Adams 

et al., 2004; Zelditch et al., 2004; Mitteroecker and Gunz 2009). Throughout 

this thesis I employ a 3D imaging approach and geometric morphometrics 

(GMM) to capture a surface scan of the skull (Fig. 1.10).  

Geometric morphometrics is an approach that quantifies shape using 

Cartesian coordinates that are placed on a surface of the structure of interest 

to represent its morphology (Adams et al., 2004; Zelditch et al., 2004; Adams 

et al., 2013). Morphometric studies can use 2D landmarks (x, y coordinates) 

on a 2D image (e.g., a photograph or single plane of a 3D scan), or linear 

measurements (Hedrick et al., 2015) or outline analysis if homologous 

landmarks are absent (Temple, 1992; Cardini, 2014). Technological advances 

in 3D imaging have increased the ability to generate comparative image data 

sets and use these to quantify morphology across a broad range of organisms 

(Bookstein et al., 1991; Rohlf and Marcus, 1993; Adams et al., 2004; Zelditch 

et al., 2004; Gunz et al., 2005; Adams et al., 2013; Bardua et al., 2019b).  As 

a result, the use of 3D landmarks (x, y, z coordinates) digitised from 3D 

meshes are becoming more common. 

Landmarks for both 2D and 3D analyses are chosen to capture clear, 

homologous points (Fig. 1.10). The two types of landmark used in this thesis 

are Type I (biological) and Type II (geometric) landmarks (Bookstein, 1991; 

Bookstein, 1997). Type I landmarks are defined locally, for example, on the 
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intersection between sutures whilst Type II landmarks are intermediate and 

usually placed on the process or maxima of a curvature or structure. 

Additionally, semi-landmarks (considered by some as Type III landmarks) can 

be added to capture even more morphometric data and estimate missing data 

in incomplete specimens (Gunz and Mitteroecker, 2013) (Fig. 1.10). Sliding of 

semi-landmarks minimizes differences in positions based on a criterion 

(generally bending energy or Procrustes distance) and puts them into 

geometric homologous positions (Adams and Otárola-Castillo, 2013).  Sliding 

semi-landmark curves that define outlines and margins of bones represent an 

increase in the shape captured compared to using landmarks alone 

(Bookstein, 1997; Bardua et al., 2019a; Goswami et al 2019).  

   

 

 

Fig. 1.10. Landmarks and curve sliding semi-landmark placement. From left to right, 

the skull is shown in dorsal, ventral, posterior (top) and lateral (bottom) view. The 

landmarks in red are type I and type II landmarks. The curves in blue define outlines 

and margins of bones. There are 123 landmarks and 124 curves on this specimen. 

Note the asymmetry in the naso-facial region of this odontocete (far left). Landmarks 

and curves shown on a beluga (Delphinapterus leucas USNM 305071) specimen. 
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Capturing shape can be challenging in highly diverse data sets or when 

structures have limited homologous landmarks such as smooth mandibles or 

limb bones. Landmarks alone can leave large sections of the morphology 

unsampled or under-sampled (Bardua et al., 2019a). This scenario is where 

sliding semi-landmarks are useful (Gunz and Mitteroecker 2013). Sliding semi-

landmarks have been used successfully to quantify a vast array of organismal 

morphology, including beak shape (Cooney et al., 2017), forelimbs (Fabre et 

al., 2014), and cranial morphology (Bardua et al., 2019b, Felice et al., 2019). 

Developments have also been made in automated, pseudo-landmark, and 

landmark free methods (Boyer et al., 2011; Boyer et al., 2015) which have 

been used to quantify form, function, and ecological adaptation (Dickson and 

Pierce, 2019). The benefits of automated landmarks are that they greatly 

speed up data collection, reducing the time needed to manually place 

landmarks and removing issues of subjectivity in landmark placement (Boyer 

et al., 2011). However, there are downsides to using automated methods. 

Unlike semi-landmarks, automated landmarks do not retain correspondence 

between data points and thus make it difficult to partition landmarks into 

specific regions (Gonzalez et al., 2016). Landmarks and semi-landmarks have 

become a staple of geometric morphometrics and have been used to capture 

a wide range of morphologies such as the cranium (Gunz et al., 2009; Bardua 

et al., 2020; Bardua et al., 2019b; Felice et al., 2019), limbs (Fabre et al., 2014; 

Wölfer et al., 2019), wings (Schmieder et al., 2015), vertebrae (Randau and 

Goswami, 2017a, 2017b), and many more structures.  

These advances in morphometrics, coupled with new tools for statistical 

analyses, have opened many new avenues of investigation in palaeobiology 

and neontology (Zelditch et al., 2012; Adams, 2014). Other advancements 

have been seen in computational power, open access databases (such as 

https://www.phenome10k.org/) and high resolution and three-dimensional 

imaging (Mitteroecker and Gunz, 2009; Lawling and Polly, 2010). These tools, 

in combination with a phylogenetic framework, allow for comprehensive 

analysis of morphological evolution through deep time.  

https://www.phenome10k.org/
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1.5.3 Fossil specimens in morphological studies  

Understanding the factors shaping morphological evolution requires a 

representative sample of a target groupôs diversity. While most analyses will 

focus entirely on extant diversity, most diversity and variation is actually 

extinct. Where fossils are concerned, we often investigate their functional 

morphology ï the interpretation of function from morphology (Benton, 2005), 

because we cannot directly observe their behaviour, ecology, etc. 

Interpretations from the shape of the fossils themselves, for example the 

shape of a femoral head can provide us with information on rotation and 

hinging of the joint, from which we can infer movement (Benton, 2005). The 

same can be said of muscle scars from muscle attachments to indicate 

strength and size. A key component of fossilisation and our ability to interpret 

information from the fossil, thereafter, is taphonomy. Taphonomy is the burial 

and preservation of the fossil itself, and the processes that occur between the 

death of the organism and its appearance in the fossil record (Benton, 2005).  

Whether a dead organism turns into a fossil is dependent on a wealth of factors 

including the composition of hard and soft tissues and the variable amounts of 

rock available that can be searched for fossils from different time periods 

(Uhen and Pyenson, 2007). Soft tissues do not preserve as well as hard 

tissues such a bone, which means there are few good examples of, for 

example, fossilised baleen. Once a cetacean has died and been deposited, 

abundant sediment in shallow and coastal waters can help fossilise the 

skeleton. The large weight of cetacean skeletons along with their robustness 

and durability can also help to preserve an articulated morphological record 

(Peters et al., 2009).  While inclusion of fossils is not always possible for 

macroevolutionary studies of clades with poor fossil records, this is fortunately 

not the case with Cetacea. Where it is possible to include fossils, simulations 

and empirical analyses have demonstrated that fossil data greatly improves 

the accuracy of macroevolutionary reconstructions (Quental and Marshall, 

2010; Slater et al., 2012; Finarelli and Goswami, 2013; Slater and Harmon, 

2013). The importance of including fossils in macroevolutionary studies cannot 

be underestimated as researchers gain most power in understanding 

macroevolutionary data from both living and extinct taxa when they are 
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included together in the same phylogenetic framework (Slater and Harmon, 

2013). The incorporation of fossil information dramatically improves the ability 

to distinguish between models of quantitative trait evolution (Slater et al., 2012) 

and improves ancestral state estimates compared to when deriving them using 

extant taxa alone (Slater et al., 2012).   

Quantifying how biotic and abiotic factors affect morphology in extinct taxa 

further improves the accuracy of macroevolutionary analyses; however, 

involving fossils can introduce more complications than studies of extant taxa 

alone. Not only are fossils often incomplete, but we often must also infer 

ecology (palaeoecology) without observation. There are only a handful of 

fossils which preserve primary information on diet, for example, bite marks on 

Dorudon (basilosaurid archaeocete) skulls indicate that they were a prey item 

of the much larger Basilosaurus isis (basilosaurid archaeocete) (Snively et al., 

2015). Further, juvenile Dorudon have even been found in the stomach 

contents of Basilosaurus (Voss et al., 2019). However, finds like this are rare 

and generally assumptions are made based on morphology and phylogenetic 

relatedness among species instead.  

The assumptions behind interpreting ecology from morphology is that 

structures have evolved or adapted in a similar way to be efficient at a similar 

function (Benton, 2005). For example, we can infer that xenorophiids, one of 

the most basal odontocete families (Early Oligocene), could likely echolocate 

because of their cranial morphology: dense bone in the interorbital shield 

which may have reflected sounds forward, and a ventrally deflected rostrum 

which may also have reduced interference (Boessenecker et al., 2017). We 

can also infer feeding ecology based on morphology. For example, in the 

earliest transitional filter feeding whales, the Eomysticetidae (Late Oligocene), 

baleen is not actually preserved in the fossil, but due to the presence of lateral 

palatal foramina, a non-laterally deflected coronoid process, and an 

anteroposteriorly expanded palate, the authors infer that this animal had 

baleen in the posterior of the palate and likely skim fed on zooplankton 

(Boessenecker and Fordyce, 2015). The bones of fossil and extant specimens 

thus can reveal a great deal about their function and ecology.  
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Many studies of functional morphology link fossil forms to modern groups, 

whilst others infer details from the bones themselves, for example from 

processes or muscle scars which may offer insight into an animalôs function 

and biomechanics (Benton, 2005). Sometimes it is more difficult to place fossil 

specimens if there are no living descendants or closely related relatives. 

Odobenocetops, a bizarre walrus-like whale from the Pliocene is one such 

example. This cetacean is known from one genus and has highly unusual 

modifications, such as binocular vision and the inferred loss of echolocation 

(the only odontocete that may not have been able to echolocate). Based on its 

morphology, it was placed within Delphinoidea (de Muizon et al., 2002). Even 

when specimens have no close relatives to draw information from, we can 

make functional assumptions based on the morphology, especially in the skull 

(Benton, 2005).  

1.5.4 Bias and incompleteness of the fossil record 

Beyond limited information on the biology and ecology of individual extinct 

species, discussed above, the fossil record itself introduces additional 

complications to macroevolutionary studies. Firstly, the fossil record is 

incomplete, with gaps caused by several factors. Taphonomy, the process of 

fossilisation, as previously discussed determines whether a dead animal 

fossilises, and leaves us with a record, or does not, and leaves us with gap. 

The factors affecting taphonomy vary greatly depending on sea level, climate, 

topography of tectonic plates, erosion, and many other factors (Marx et al., 

2016a). Secondly, even if a specimen does fossilise, the chances it will be 

discovered vary greatly depending on its geographical or regional location 

(Marx et al., 2016a). Vegetation cover (e.g., dense cover in the Amazon 

rainforest), accessibility of rocks, human population, human willingness, 

ability, research effort, and finances or resources to excavate fossils all have 

an impact on creating hotspots of fossils in some regions and 

underrepresentation of fossils in others (Uhen and Pyenson, 2007; Marx et al., 

2016a). For cetaceans, the discovery of fossil material is highest in Japan, 

Europe, New Zealand, and the United States. However, this does not 

necessarily mean that past cetacean diversity was highest in these regions, it 
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just suggests that the cetacean fossil record is subject to geographical, 

geological, and human biases that favour these regions (Marx et al., 2016a).  

Despite these biases, and the incompleteness of the record, Slater and 

Harmon (2013) state that one cannot have a complete picture of 

macroevolution without considering fossil and extant relationships. See 1.5.3 

for details on how simulations confirm that even a small amount of fossil taxa 

can more accurately recover most macroevolutionary patterns (Slater et al., 

2012). Thus, the merger of the fields palaeontology and neontology can only 

benefit the understanding of macroevolutionary processes and patterns 

(Slater and Harmon, 2013). Here I use methods from both palaeontology and 

neontology to address macroevolutionary patterns in cetaceans.  

1.6 Quantifying macroevolutionary patterns  

Recent advances in statistical and morphometric methods have offered 

powerful new tools for macroevolutionary research, especially with regards to 

modelling evolutionary rates and disparity, as shown in this thesis (Chapters 

2-4). As phylogenetic approaches proceed into the twenty-first century, a focus 

has been rightly placed on genome-scale data sets because of the nearly 

limitless supply of discrete systematic characters (Delsuc et al., 2005). 

Regardless, many neontologists realise that, moving forward, paleontological 

data is essential for phylogenetic analysis, divergence dating, estimation of 

diversification and extinction rates to quantify macroevolutionary patterns. 

Phylogenetic comparative methods (PCMs) have undergone rapid 

developments in the past few years and can be used to reconstruct the shared 

evolutionary history of taxa, map ancestral character states, map 

morphological evolution, and investigate the impacts of biotic and abiotic 

factors on macroevolutionary patterns (Pagel, 1999). These techniques can 

also be applied to standard statistical procedures such as MANOVAs and 

principal component analyses (PCA) (Revell et al., 2008; Clavel and Morlon, 

2020).  

There have also been recent advancements in statistical modelling for trait 

evolution using PCMs. Trait evolution can be modelled under different 

evolutionary scenarios; Brownian Motion (a órandom-walkô mode of evolution; 
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BM), Ornstein-Ulenbeck (a modification of the órandom-walkô process where 

evolution tends towards an optimum; OU), Early-Burst, or adaptive radiation 

(the rapid expansion of a diversifying clade as it fills a niche, for example; 

Yoder et al., 2010), and accelerated trend (an acceleration in rates, possibly 

driven by shorter generation times or mutualism between species). 

Furthermore, models can be run with a Markov Chan Monte Carlo (MCMC) 

algorithm which permits variable rates allowing the rate of change to vary 

through time (Plummer et al., 2006; Clavel et al., 2015).  

 

A variety of tools are now available for quantifying evolutionary rates and 

disparity on a macroevolutionary scale. These tools include R packages such 

as ódispRityô, a tool measuring disparity from multidimensional matrices 

(Guillerme, 2018) and mvMORPH, a means for Fitting Evolutionary Models to 

Morphometric Data (Clavel et al., 2015). The recent development of packages 

like mvMORPH (Clavel et al., 2015) means that we can now fit multivariate 

models (such as BM, OU, Early-Burst) of continuous trait evolution to 

phylogenies and time-series (Clavel et al., 2015). We can also test for 

phylogenetic signal and quantify the rate and mode of evolutionary rates 

across a phylogeny and compute the likelihood of various evolutionary models 

to find a best model fit for our data. There are, however, currently few methods 

available that can handle multivariate data. I discuss the issues of multivariate 

data and high dimensionality in Chapters 3 and 4 with further details on 

limitations in Chapter 6.  

1.7 The phylogenetic relationships among whales  

The morphological data sets in this thesis are analysed under a phylogenetic 

comparative framework. This framework allows me to investigate 

morphological evolution whilst accounting for the shared evolutionary history 

of the species in my data set (Felsenstein, 1985; Benton 2005; Kardong, 

2019). A published phylogeny (Lloyd and Slater, 2020) is used for Chapters 2-

4 and is altered to include any additional species. The Lloyd and Slater (2020) 

phylogeny was chosen because not only does the resultant tree extend 

sampling from the Ḑ90 extant species to over 500 living and extinct species, it 

also extends and applies recent meta-analytic approaches to synthesise 
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previously published phylogenies. Further, it brings together time-scaled 

phylogenetic hypotheses at the species-level, offering a robust and detailed 

inference of macroevolutionary dynamics. A phylogenetic framework is widely 

accepted as a critical requirement for addressing questions of diversity, 

phenotypic evolution, and biogeography (Lloyd and Slater, 2020; Adams, 

2014), among many others. Phylogenies often combine morphological, 

molecular, and fossil data allowing us to view species in relation to one another 

in an evolutionary context. Furthermore, phylogenies allow us to assess 

species within context, for example their shared ancestry and historical 

influences on the evolution of characteristics (Dobson, 1985). The covariance 

between species imposed by the structure of a phylogenetic tree means that 

we must take the phylogeny, its patterns of divergence, branch lengths, and 

hierarchy into consideration when trying to understand the processes 

responsible for generating macroevolutionary patterns (Felsenstein, 1985; 

Harvey and Pagel, 1991; Lloyd and Slater, 2020).  

Several recent studies of cetacean divergence and radiations have been 

based on molecular phylogenies (Steeman et al., 2009; Slater et al., 2010). 

Many phylogenies, albeit made using different approaches (supermatrix, 

supertree, metatree), agree that the divergence time of the neocetes 

(collectively the mysticetes and odontocetes) took place between around 39 

and 36 Mya (Steeman et al., 2009; Slater et al., 2010; Marx et al., 2016a; 

Geisler, 2017), although this is regularly pushed back thanks to the discovery 

of archaic toothed mysticetes (Lambert et al., 2017a; Marx et al., 2019 a, b). 

There is currently no record of odontocetes older than ~ 33.9 million years 

(Fordyce, 2002), however the antiquity of the mysticetes suggests that a ghost 

linage of odontocetes also existed in the Late Eocene (Pyenson, 2017). This 

would further push back this divergence date. Most phylogenetic analyses fail 

to support a hypothesised sister group relationship between sperm whales 

(Physeter macrocephalus) and baleen whales (Milinkovitch et al., 1993, 1994) 

and instead reconstruct the physeteroids as the first of the major odontocete 

crown lineages to diverge (Marx et al., 2016a). Finally, there is unanimous 

agreement that an increase in cetacean diversification rates during the past 

10 Ma were driven by the rapid speciation of the oceanic dolphins 
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(Delphinidae) (McGowen and Spaulding, 2009; Steeman et al., 2009; Slater 

et al., 2010; Rabosky and Goldberg, 2015). 

There are some discrepancies between the topology and divergence 

estimates of some clades, or specifics of species positions within families 

depending on the data used (molecular or morphological) but generally, there 

is a consensus and stability in the cetacean phylogeny. In this thesis, I used a 

metatree phylogeny from Lloyd and Slater (2020) (Fig. 1.5). The metatree 

approach uses binary encoding of tree topologies to generate a matrix which 

can then be used for phylogenetic analysis (Lloyd and Slater, 2020). The tree 

samples from the ~90 extant species and 400+ extinct species allowing a 

robust inference of macroevolutionary dynamics (Lloyd and Slater, 2020). This 

recent metatree phylogeny from Lloyd and Slater (2020) (Fig. 1.5) which 

assembles a comprehensive set of phylogenies for extant and extinct 

cetaceans, allows me to include fossils spanning the full breadth of my 

macroevolutionary analyses. The phylogeny also includes many recently 

described South American taxa which I was also able to scan and include in 

my thesis, giving a much broader temporal and geographical breadth than 

other current cetacean phylogenies. The authors stress the importance of a 

palaeo-phylogenetic approach for studying macroevolutionary dynamics 

(Lloyd and Slater, 2020).  

1.8. Shallow-time patterns in cetacean diversity and distributions 

In the final section of my thesis, I shift from morphological to taxonomic 

diversity, and from deep to shallow time, analysing spatial and temporal 

patterns in cetacean strandings data (more below) to investigate shallow time 

changes in cetacean strandings, species composition, and correlates of 

strandings. This departure from the geometric morphometric approach in 

Chapters 2-4 provides the opportunity to explore a completely different data 

type, methods, and approach to investigate shifts in cetacean diversity at 

different temporal and spatial scales. 
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1.8.1 Cetacean stranding data  

Cetacean strandings occur when cetaceans become grounded on a beach or 

in shallow water. Stranding events can consist of one individual or a whole 

pod. Mass strandings often make the media due to the huge numbers of 

individuals that strand, the rare opportunity to see cetaceans up close, and the 

emotions that accompany the event. For many inconspicuous, deep diving, or 

rare species, stranding data is the best record we have (Morin et al., 2017). In 

fact, the first and only data on many beaked whale species has been obtained 

from strandings data and subsequent collection of specimens for museums 

(Pitman, 2009; Lacsamana et al., 2015; Yamada et al., 2019).   

Systematic cetacean stranding records have been kept by the Natural History 

Museum (NHM), London (UK) since 1913. The continuous data set records 

strandings around the UK coastline, and in most cases, includes the date of 

stranding and location. For most records, we have information on the species 

and whether the individual was a single incident, or part of a mass stranding. 

A Hawaiian data set investigated by Maldini et al. (2005) contains similar 

recorded information, e.g., date, location of stranding, species (when 

identifiable), but lacks the continuity and the detail of the UK data set. In 1990, 

the Cetacean Stranding Investigation Programme (CSIP) funded by the 

Department for Environment, Food, and Rural Affairs (DEFRA) took over the 

UK stranding programme. At the same time the Irish Whale and Dolphin Group 

(IWDG) was set up to record Irish cetacean strandings. These data sets are 

key data sources for assessing recent changes in cetacean taxonomic 

diversity because they (combined) provide over 100 years of valuable archive 

records (Pyenson, 2011; Coombs et al., 2019). Considering a long-term data 

set can allow for the separation of regular patterns from random events, and 

reduce the importance of small, atypical events (MacLeod et al., 2004). Using 

information from numerous stranding events and combined data sets, 

collected over a long period of time can counteract some limitations associated 

with using stranding data. However, due to the way the data are recorded, and 

the sets compiled, bias does need to be considered in any approach using 

strandings data. Excitingly, the final chapter of my thesis represents the first 

time these three data sets have ever been combined, creating a data set of 
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over 20,000 records. It is also the first time the NHM strandings (NHM, 2018) 

data has been investigated in its entirety.  

1.8.2 Bias in strandings data  

The NHM, CSIP, and IWDG strandings records provide a temporal and spatial 

approximation of species composition, diversity, and abundance of the 

species seen around UK and Irish coastlines. However, there are biases in 

how and when data were collected throughout the 102-year timeline (1913-

2015). Each of these biases can have an impact on the number of records 

made for that year of period (Fig. 1.11). Cetaceans (and other marine 

mammals) can be notoriously difficult to study. They are wide ranging, deep 

diving and spend most of their lives submerged underwater (Evans and 

Hammond, 2004). Commonly used surveying techniques are often biased 

towards gregarious and conspicuous species that will approach boats such as 

shortȤbeaked common dolphins (Delphinus delphis; Evans and Hammond 

2004) as well as larger, more easily detected species, or those that live near 

the coastline. This is where strandings records can be incredibly useful, 

providing data on any cetacean that has washed ashore.  

However, strandings data comes with its own limitations and caveats. Along 

with biases in the method, there are also biases in this data, mostly regarding 

collection effort. For example, sampling effort dropped during and after both 

world wars. This was due to several reasons: people were fearful of being too 

near to the beaches, especially on the south coast; inaccessibility to beaches 

due to training exercises and military occupation; or simply people being 

conscripted into helping the war effort and being occupied with the war 

(Klinowska 1985). Other influences that have affected strandings records 

throughout the twentieth century and into the twenty-first century are outlined 

in Fig. 1.11.   

Further, there is a complex interaction between other factors such as drift, and 

deciphering whether stranding events along the north and west coasts of 

Britain, south and west coasts of Ireland may in part be due to the passive 

transport of carcasses by the North Atlantic drift (MacLeod et al., 2004). This 

https://onlinelibrary.wiley.com/doi/full/10.1111/mms.12610?casa_token=c4FZZqDVzR4AAAAA%3Aga3ktcy37p4N3qC4TASx-BIgbWyR6skz5ZqjpZFnQGt2bG1PuSet0V4EKlFa4Xh64tz-RwL3x_fGjxA#mms12610-bib-0037
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complicates interpreting whether stranding patterns are caused by a higher 

abundance and diversity of cetaceans for example in this same area, deep, 

prey rich waters off the west coasts and continental shelf support high 

abundance (Wall et al., 2009; Hammond et al., 2013), or whether other factors 

such as drift tides, current, winds (Peltier et al., 2012; Moore et al., 2020), 

migration routes or a combination of several factors influence high strandings 

numbers in these areas. Detectability of the carcass may also bias the data 

towards large cetacean species such as sperm whales (Physeter 

macrocephalus) or the baleen whales which are easier to detect on beaches, 

and less likely to be scavenged, damaged in stormy seas (Lawler et al., 2007), 

and otherwise rendered undetectable to the species level. 

Finally, some whale species may have different blubber and/or gas 

compositions which would affect their buoyancy (Nowacek et al., 2001) and 

the chances of whether they will sink, float, or make landfall. Balaenids for 

example were nicknamed ófloatersô by whalers due to their thick blubber and 

their tendency to float after death (Reeves and Mitchell 1986; Kerr et al., 2014). 

Balaenopterids, on the other hand, have a thinner blubber layer and are less 

buoyant (Kerr et al., 2014). These factors are all incredibly complex to model. 

In Chapter 5 I investigate temporal and spatial trends in cetacean strandings 

using GAMs and attempt to address changes in sampling effort and sampling 

bias as an offset in my models (see Generalised Additive Models; GAMs)
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[Figure on previous page] 

Fig. 1.11. Influences on stranding data. A schematic of some events which may have 

impacted the UK stranding data. NB. This is not an exhaustive list and only considers 

the UK and surrounding area which may not be representative of factors incurred by 

farther ranging species. 1. Thurstan et al. (2010); 2. Holm (2016); 3. Common 

Fisheries Policy (n.d). 4. Jensen (1999); 5. Bailey et al. (2010); 6. European 

Commission, 2013.  

 

1.8.3 Generalised Additive Models (GAMs) 

GAMs are commonly used in studies of spatiotemporal trends, distribution, 

and abundance. GAMs have been used to model abundance and seasonal 

fluctuations for many species including brown hares (Lepus europaeus) and 

mountain hares (Lepus timidus; Massimino et al., 2018), dung beetles 

(Scarabaeidae, Coleoptera; Gebert et al., 2019), marine mammals (both 

cetaceans and pinnipeds; Best et al., 2015), a whole wealth of large African 

fauna (Craigie et al., 2010), and many more. GAMs have been used to model 

seasonal and cyclic data including to investigate nonlinear relationships 

between humpback whale distribution and relative abundance and 

environmental variables (such as sea surface temperature, salinity, and 

chlorophyll abundance; Dalla-Rosa et al., 2012). GAMs are not dissimilar to 

Generalised linear models in that they use a link function. However, GAMs use 

this link function to establish relationships between a ósmoothedô function of 

the predictor and multiple explanatory variables (Guisan et al., 2002). 

Importantly, GAMs are substantially more flexible because relationships 

between dependent and independent variables are not assumed to be linear 

(Fig. 1.12; Wood, 2011; 2017). This means cyclical or seasonal data can be 

analysed using GAMs without losing any information on fluctuations, 

seasonality, or ówobblinessô which might be lost by fitting a GLM (Fig. 1.12).  
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Fig. 1.12. An example of a normal linear model fit vs. a GAM fit. The linear model (a) 

fits the data sufficiently, but the residuals plot (b) is messy. The GAM (c) offers a 

better fit to the environmental data. It is essential to check the model diagnostics (d). 

The Q-Q plot (d, top left) shows the closest fit to a y=x line, here this shows a good 

model fit. The histogram of residuals (d, bottom left) also shows a normal distribution, 

suggesting that most of the residuals fall around the mean. The residuals vs. linear 

predictors plot (d, top right) shows that there is some heteroscedasticity in the data 

set i.e., there is an increase in the residuals with increasing values of the linear 

predictor. The response vs. fitted values show a normal distribution (d, bottom right).  

Data and code modified from http://environmentalcomputing.net/intro-to-gams/.  

 

Finally, the use of GAMs in studies of abundance and ecosystem modelling 

have increased greatly in recent years. GAMs are a semi-parametric approach 

to predicting non-linear responses to a suite of predictor variables (Drexler and 

Ainsworth, 2013). In comparative studies, GAMs have often been shown to 

perform as well or better than other types of predictive models based on 

environmental conditions (Guisan et al., 2002; Drexler and Ainsworth, 2013)  

http://environmentalcomputing.net/intro-to-gams/
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1.9 Thesis overview  

This thesis addresses the topic of cetacean diversity in three sections. Firstly, 

in Chapters 2 and 3, I investigate cranial morphology in the cetacean skull with 

a focus on quantifying asymmetry (Chapter 2), and modelling rates of evolution 

and disparity in the skull (Chapter 3). In Chapter 3, I also consider potential 

ecological influences on morphological variation in the cetacean cranium. The 

investigation into influences on cranial morphology is continued in Chapter 4 

with a focus on the effects of past climate and ocean productivity on cetacean 

evolutionary rates. I use two data sets as proxies for past climate here: Cramer 

et al. (2015) and Westerhold et al. (2020), for a more robust approach and 

because of some discrepancies between the two data sets. 

Throughout Chapters 2-4, I use landmarks and sliding semi-landmark curves 

to capture the morphology of individual bones in the cetacean skull. I 

subsample my semi-landmarks to reduce dimensionality and thus 

computational requirements while retaining sufficient coverage across the 

cetacean cranium (Watanabe et al., 2019; Felice and Goswami, 2018). Some 

studies use landmarks, semi-landmarks, and additionally surface semi-

landmarks. However, curve semi-landmarks may be sufficient for shapes 

characterised by relatively conserved surface geometries between curves 

(Cooney et al., 2017; Bardua et al., 2019a). Goswami et al. (2019), showed 

that more than 90% of the shape signal is captured by curve data alone, 

relative to the full surface data set. For this reason, I decided to use landmarks 

and curve semi-landmarks but not surface points in my analyses. Although this 

reduced the amount of surface morphology captured in the data I collected, 

collecting semi-landmark data but not surface data takes significantly less time 

and meant I could achieve much greater taxonomic sampling and avoid 

dimensionality issues from having far more landmarks than specimens 

(Bardua et al., 2019a), as discussed further in Chapter 3. 

Finally, I look at cetacean diversity in shallow time. In Chapter 5, I use 

strandings data to investigate spatial and temporal changes in strandings from 

1913-2015. I combine three data sets for the first time and use them to 

investigate the potential trends in spatial and temporal patterns of strandings 

and environmental or anthropogenic predictors.  
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Across these chapters, I focus on the following five questions to bring together 

a study of cetacean diversity through deep time to the present:  

1. When did cranial asymmetry first appear in cetacean evolution and 

how is this trait distributed across whales? What influences the 

evolution of this trait? (Chapter 2)  

2. How do evolutionary rates and disparity vary across cetacean crania? 

(Chapter 3) 

3. What are the primary aspects of variation across cetaceans and how 

do the following ecological factors influence the morphological 

evolution of the cetacean cranium? (Chapter 3) 

a. Dentition  

b. Diet  

c. Echolocation ability  

d. Feeding method  

e. Habitat  

4. How does climate affect rates of cranial evolution? (Chapter 4) 

5. How do the following environmental and anthropogenic factors 

influence the spatial and temporal patterns in cetacean strandings 

records in the more recent past? (Chapter 5) 

a. Fishing effort  

b. Geomagnetic fluctuations  

c. North Atlantic Oscillations  

d. Sea surface temperature  

e. Shipping traffic  

f. Storm events  

1.9.1 Aims and objectives  

The key aim of this thesis is to quantify cetacean diversity from past (deep 

time) to present (shallow time). This is done via a three-stepped approach; 1. 

Quantify cranial morphology, asymmetry, rates, and disparity across cetacean 

evolution (Chapters 2 and 3) 2. Quantify how ecological influences (biotic 

factors) and climate (abiotic factors) affect evolutionary rates and 

morphological diversity through time (Chapters 3 and 4). 3. Quantify the effects 
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of environmental and anthropogenic predictors on temporal and spatial 

cetacean strandings data over the past 100 + years (Chapter 5).  

I used a variety of methodological approaches with these objectives: 

1. Generate the largest 3D surface scan data set of cetacean crania to 

have ever been compiled, with near complete sampling of extant 

species  

2. Sample the entirety of cetacean evolution with multiple specimens 

representing all ósubordersô (archaeocetes, mysticetes, odontocetes) 

and major clades (where possible) throughout their evolutionary history 

and phylogeny 

3. Quantify asymmetry in the skull across Cetacea for the first time  

4. Quantify evolutionary rates and disparity in the skull across Cetacea 

using morphological data for the first time  

5. Collate existing information on cetacean ecology and then quantify the 

influence of ecology on cranial morphology  

6. Model the influences of climate on rates of evolution across Cetacea by 

employing two widely used benthic foraminiferal ŭ18O and ŭ13C 

reference data sets  

7. Combine the NHM, CSIP, and IWDG strandings data sets together for 

the first time to provide the longest continuous, systematic strandings 

data set in the world  

8. Investigate spatial and temporal patterns in UK and Irish strandings 

data and model the effects of environmental and anthropogenic 

predictors on strandings  

 

1.10 Chapter overviews 

1.10.1 Chapter 2: Quantifying asymmetry in the cetacean skull.  

Odontocetes (toothed whales) echolocate (navigate and feed using biosonar), 

which is reflected in their highly asymmetric crania. Some basilosaurids and 

protocetids (both members of the paraphyletic, basal archaeocete group) may 

have asymmetrical crania as well, whereas mysticetes have bilaterally 
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symmetrical skulls and no asymmetry in the naso-facial region because they 

do not echolocate. Previous studies have focused on either odontocete cranial 

shape and function, archaeocete asymmetry or mysticete symmetry with 

modern odontocetes for comparison, but none have looked at asymmetry 

across Cetacea and through their evolutionary history. It is also unclear when 

naso-facial asymmetry evolved during the transition from archaeocetes to 

modern whales. To answer these questions, I carried out a geometric 

morphometric analysis using a set of landmarks to quantify asymmetry in the 

skulls of 162 (78 fossil and 84 extant specimen) cetaceans. One skull was 

scanned per species that had suitable cranial representation. For species that 

had multiple suitable cranial representations (more in the Methods sections of 

Chapters 2 and 3), I selected only one skull to scan. This was so that I could 

compile a data set that covered the widest possible phylogenetic spread, 

rather than focusing on any intraspecific variation. I then tested alternative 

models to investigate where asymmetry may have arisen, and where changes 

in the rate are observed throughout cetacean evolution. This chapter has been 

published as: Ellen J. Coombs, Julien Clavel, Travis Park, Morgan Churchill, 

and Anjali Goswami. Wonky whales: the evolution of cranial asymmetry in 

cetaceans. BMC Biology volume 18, Article number: 86 (2020). 

1.10.2 Chapter 3: Making waves: the rise and fall of cetacean 
evolutionary rates and disparity through their history  

It is well known that the archaeocetes transitioned from a terrestrial lifestyle to 

a fully aquatic one within ~8-12 million years. The fossil record thereafter 

suggest that the two cetacean suborders diverged around ~39 million years 

ago. These two lineages still dominate the oceans today, armed with their key 

innovations: echolocation in the odontocetes and filter feeding in the 

mysticetes. In this chapter, I use geometric morphometrics (both landmarks 

and sliding semi-landmarks) to quantify skull shape from 201 specimens (113 

fossils and 88 extant) spanning 50 million years of cetacean evolution.  With 

these data, I first describe variation across whale crania and investigate 

ecological influences on their cranial morphology, focusing on dentition, diet, 

echolocation ability, feeding method, and habitat. Then, I reconstruct 
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evolutionary rates and disparity in the cetacean crania across their entire 

evolutionary history and assess how shifts in rates and disparity relate to the 

appearance of key innovations, the disappearance of the archaeocetes, and 

other evolutionary milestones.  

1.10.3 Chapter 4: How does climate affect cetacean diversity ï evidence 
from the past and present   

I focused specifically on the influence of climate on cetacean morphological 

evolution, using the full cranial data set developed in Chapter 4. I use benthic 

foraminiferal ŭ18O climate data and benthic foraminiferal ŭ13C data to 

reconstruct palaeoclimatic and ocean productivity curves.  I then tested 

alternative models for cetacean cranial evolution, from standard models, such 

as Brownian Motion, Early Burst, and accelerating rates, to novel 

environmental models where evolutionary rates track various proxies of 

climate and ocean productivity to establish whether these extrinsic factors are 

significant drivers of cetacean cranial evolution.  

1.10.4 Chapter 5: Quantifying cetacean diversity in shallow time. What 
can 100 years of stranding records tell us?  

As with other marine species, cetaceans can prove difficult to study as they 

are often wide-ranging and spend most of their lives submerged under water. 

Therefore, cetacean stranding records (where a whale, dolphin, or porpoise 

becomes beached) are a primary source of information for many cetacean 

species. This is particularly the case with rarer, more elusive, and less 

gregarious species. The Natural History Museum, London (NHM) has 

maintained a database of UK strandings since 1913, making it one of the 

longest, continuous, systematic cetacean stranding data sets in the world. In 

1990, the NHM programme joined with the Cetacean Strandings Investigation 

Programme (CSIP) to record strandings in the UK. Despite records being 

available up to 2015, no comprehensive studies of temporal changes in 

cetacean strandings exist for this full period, i.e., from 1913-2015. In this 

chapter, I combine these data with that of the Irish Whale and Dolphin Group 

(IWDG) to obtain 100 years of strandings records. I assess spatio-temporal 
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patterns in the number of individuals stranding in the UK and Ireland and use 

Generalised additive Models (GAMs) to explore anthropogenic and 

environmental correlates of cetacean strandings. This chapter has been 

published as: Ellen J. Coombs, Rob Deaville, Richard C. Sabin, Louise Allan, 

Mick OôConnell, Simon Berrow, Brian Smith, Andrew Brownlow, Mariel Ten 

Doeschate, Rod Penrose, Ruth Williams, Matthew W. Perkins, Paul. D. 

Jepson, and Natalie Cooper. What can cetacean stranding records tell us? A 

study of UK and Irish cetacean diversity over the past 100 years. MARINE 

MAMMAL SCIENCE, 35(4): 1527ï1555 (2019). 

1.10.5 Chapter 6:  Conclusions  

In the final chapter of my thesis, I bring together results from the preceding 

chapters to produce a comprehensive picture of cetacean evolution and 

diversity through deep and shallow time. Specifically, I reconstruct the myriad 

of factors shaping the evolution of cetaceans throughout their history, with a 

focus on cranial rates and disparity. I then bridge scales of analysis and 

discuss temporal trends and the biotic and abiotic predictors of these patterns 

in both shallow and deep time. I finish by discussing the importance of these 

results for both evolutionary and conservation biology, discuss the limitations 

of these approaches, and suggest future directions this work could take.  
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Chapter two 

Wonky whales: The evolution of cranial asymmetry in 
cetaceans 

 

 

 

Published as:  

Ellen J. Coombs, Julien Clavel, Travis Park, Morgan Churchill, and Anjali 

Goswami. BMC Biology volume 18, Article number: 86 (2020). 

 

 

óBut as the colossal skull embraces so very large a proportion of the entire 

extent of the skeleton; as it is by far the most complicated parté.you must 

not fail to carry it in your mind, or under your arm, as we proceedô 

 

Moby Dick ï Herman Melville 
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2.1 Abstract  

Unlike most mammals, toothed whale (Odontoceti) skulls lack symmetry in the 

nasal and facial (naso-facial) region. This asymmetry is hypothesised to relate 

to echolocation, which may have evolved in the earliest diverging odontocetes. 

Early cetaceans (whales, dolphins, and porpoises) such as archaeocetes, 

namely the protocetids and basilosaurids, have asymmetric rostra, but it is 

unclear when naso-facial asymmetry evolved during the transition from 

archaeocetes to modern whales. We used three-dimensional geometric 

morphometrics and phylogenetic comparative methods to reconstruct the 

evolution of asymmetry in the skulls of 162 living and extinct cetaceans over 

50 million years. 

In archaeocetes we found asymmetry is prevalent in the rostrum, but also in 

the squamosal, jugal, and orbit, possibly reflecting preservational deformation. 

Asymmetry in odontocetes is predominant in the naso-facial region. 

Mysticetes (baleen whales) show symmetry similar to terrestrial artiodactyls, 

such as bovines. The first significant shift in asymmetry occurred in the stem 

odontocete family Xenorophidae during the Early Oligocene. Further 

increases in asymmetry occur in the physeteroids in the Late Oligocene, 

Squalodelphinidae and Platanistidae in the Late Oligocene/Early Miocene and 

in the Monodontidae in the Late Miocene/Early Pliocene. Additional episodes 

of rapid change in odontocete skull asymmetry were found in the Mid-Late 

Oligocene, a period of rapid evolution and diversification. No high probability 

increases or jumps in asymmetry were found in mysticetes or archaeocetes. 

Unexpectedly, no increases in asymmetry were recovered within the highly 

asymmetric ziphiids, which may result from the extreme, asymmetric shape of 

premaxillary crests in these taxa not being captured by landmarks alone. 

Early ancestors of living whales had little cranial asymmetry and likely were 

not able to echolocate. Archaeocetes display high levels of asymmetry in the 

rostrum, potentially related to directional hearing, which is lost in early 

neocetes - the taxon including the most recent common ancestor of living 

whales. Naso-facial asymmetry becomes a significant feature of Odontoceti 

skulls in the Early Oligocene, reaching its highest levels in extant taxa. 

Separate evolutionary regimes are reconstructed for odontocetes living in 
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acoustically complex environments, suggesting that these niches impose 

strong selective pressure on echolocation ability and thus increased cranial 

asymmetry. 

Keywords: trait evolution, asymmetry, cetaceans, morphometrics, 

macroevolution 

 

2.2 Background  

Cetaceans (whales, dolphins, and porpoises) are the most taxonomically 

diverse aquatic mammal clade (Fordyce and Barnes, 1994), and inhabit most 

major ocean basins and some rivers (McGowen et al., 2009). Whales appear 

in the fossil record approximately 52.5 million years ago (Mya), with the two 

extant cetacean suborders, mysticetes (baleen whales) and odontocetes 

(toothed whales), diverging around 39 million years ago (Mya) (Marx and 

Fordyce, 2015). Mysticetes evolved large body sizes and specializations for 

bulk filter feeding whilst odontocetes evolved echolocation (biosonar) (Geisler 

et al., 2014; Churchill et al., 2016; Park et al., 2016) and employ various 

raptorial and/or suction feeding strategies (Hocking et al., 2017a; Hocking et 

al., 2017b). Cetaceans have undergone extensive morphological changes to 

adapt to a fully aquatic lifestyle (Fordyce and de Muizon, 2001; Uhen, 2007) 

and show extremely divergent morphologies compared to their terrestrial 

artiodactyl relatives. Some of the most striking changes have occurred in the 

skull, including the posterior displacement of the nares, maxilla, premaxilla, 

and a shortening of the nasals (Heyning and Mead, 1990; Klima, 1999; 

Churchill et al., 2018).  

Odontocetes are well-known to have asymmetrical crania (Thompson, 1990, 

chapter 2), whereas mysticetes have bilaterally symmetrical skulls and no 

asymmetry in the naso-facial region (Fahlke et al., 2011; Fahlke and Hampe, 

2015). Fahlke et al. (2011) hypothesised that basilosaurids and protocetids 

(early cetaceans belonging to the archaeocetes) also have cranial asymmetry 

thought to be linked to aquatic directional hearing with the most conspicuous 

asymmetry occurring in the rostrum (Fahlke et al., 2011; Fahlke and Hampe, 
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2015). Asymmetry in odontocetes is always unidirectional, with a posterior and 

sinistral shift in the bones, linked to the hypertrophied melon, phonic lips, and 

nasal sacs, all of which are associated with high-frequency sound production 

and echolocation (Cranford et al., 1996; Fahlke et al., 2011). Most of this 

asymmetry appears in the dorsal opening of the nares (Macleod et al., 2007; 

Fahlke and Hampe, 2015) and appears to be correlated with the degree of 

elevation in the cranial vertex Heyning and Mead, 1990). Species with high 

cranial vertices such as physeterids, kogiids, and ziphiids tend to have the 

most asymmetrical crania, likely because a functional component of 

asymmetry pertains to soft facial anatomy and consequently drives evolution 

of the underlying bony structures (Heyning and Mead, 1990).  

Odontocete asymmetry is thought to have evolved as a result of an 

evolutionary hyperallometric investment into sound-producing structures to 

facilitate the production of high frequency vocalisations (Mead, 1975; Heyning, 

1989; Heyning and Mead, 1990; Huggenburger et al., 2017; Jensen et al., 

2018) but alternative explanations have been put forward. MacLeod et al. 

(2007) proposed that skull asymmetry is a by-product of the selection pressure 

for an asymmetrically positioned larynx, an aquatic adaptation which enables 

the swallowing of large prey underwater without mastication. However, this 

has been argued against because reduction of tooth size and loss of shearing 

occlusion started after asymmetry was well developed, suggesting that 

swallowing prey whole may not be the driver of asymmetry (Fahlke et al., 

2011). Alternatively, cranial asymmetry in basilosaurids and protocetids is 

thought to be linked to aquatic directional hearing (Fahlke et al., 2011). The 

limited or lack of asymmetry in mysticetes, which do not echolocate and 

instead specialise in low and infrasonic frequencies (Ketten, 1997; Reidenburg 

and Laitman, 2007; Park et al., 2017) suggests directional cranial asymmetry 

is more likely related to echolocation than hearing (Fahlke et al., 2011).  

Previous studies have focused on either odontocete cranial shape and 

function (Churchill et al., 2018), archaeocete asymmetry (Fahlke et al., 2011), 

or mysticete symmetry with modern odontocetes and archaeocetes for 

comparison (Fahlke and Hampe, 2015). There is, however, little resolution on 

how cranial asymmetry evolved during the transition from archaeocetes to 
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modern whales (Neoceti) (Fahlke et al., 2011) and little is known about 

archaeocete asymmetry and its relationship, if any, to that of odontocetes 

(Marx et al., 2016a). To assess when and how often asymmetry may have 

arisen, where and if it is present in the archaeocete skull, and how it relates to 

the evolution of echolocation, it is necessary to adopt a comparative approach 

by broadly sampling across living and extinct cetaceans. Here we use 

geometric morphometric techniques to quantify asymmetry in the skull across 

modern and fossil species of Cetacea. We then use these data to reconstruct 

the evolution of asymmetry across cetaceans and test for shifts (a change in 

the trait on the whole branch or clade) and jumps (a temporary or rapid change 

in the trait). Finally, we use these results to test potential factors associated 

with the evolution of asymmetry in specific cetacean clades, including 

presence or absence of echolocation, echolocation frequency, and inhabiting 

acoustically complex or high-pressure environments, such as shallow rivers, 

cluttered icy waters, and deep ocean.   

 

2.3 Methods   

2.3.1 Specimens   

The data set comprises stem cetaceans (archaeocetes, n = 10), and both 

extant suborders: the baleen whales (mysticetes, n = 32) and toothed whales 

(odontocetes, n = 120). The final data set comprised 162 cetacean crania, of 

which 78 (48%) are extinct, ranging in age from 48.6 Mya to 2.59 Mya. 

Additionally, 10 terrestrial artiodactyls (representing 8 of the 10 Arctiodactyla 

families) were included to provide a baseline for symmetry, as cetaceans are 

nested within Artiodactyla. Specimen details (Appendix 2: Table S2.1) and 

museum abbreviations are provided in Appendix 2.  

 

Specimens were selected to cover the widest possible phylogenetic 

spread, representing 39 families and 101 genera from the Eocene to the 

present. The Early-Middle Eocene is represented by the land-dwelling family 

Pakicetidae through to semi-aquatic Ambulocetidae and Remingtonocetidae. 
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The Pelagiceti are represented by the fully aquatic Basilosauridae of the Late 

Eocene through to the modern Neoceti. This includes representation of some 

early stem toothed mysticetes such as the Mammalodontidae and the 

Aetiocetidae. Three of the four extant mysticete families are represented. The 

odontocetes are represented by early stem families; the Xenorophidae and the 

Simocetidae of the Early-Mid Oligocene and the óPatriocetidaeô (phylogenetic 

position is still being clarified) of the Late Oligocene. The more crownward 

odontocetes of the Miocene are represented by the Eurhinodelphinidae, 

Kentriodontidae, Albireonidae, Squalodelphinidae, Squalodontidae, and 

Allodelphinidae among other extinct families. All ten extant odontocete families 

are represented. See Appendix 2: Table S2.1 for details.  

As many extant and all fossil specimens lack information on sex, sexual 

dimorphism could not be considered. All specimens are adult except for one 

subadult, Mesoplodon traversii. Specimens were selected based on 

completeness, but some bones were broken (e.g., jugal) and were treated as 

missing data. 64 (~39%) of the specimens, including some extant specimens, 

had missing data concentrated in the pterygoid, palatine, jugal, squamosal, 

and tip of the rostrum. For this reason and because fossils often have a higher 

proportion of missing data, we also ran analyses without any fossils and 

without rostral landmarks. Specimens with obvious taphonomic or other 

deformation were excluded from further analysis (Appendix 2: Table S2.2). 

Excluded specimens include the basilosaurid Cynthiacetus peruvianus which 

shows sinistral torsion in the rostrum, although a potential natural feature in 

protocetids and basilosaurids (Fahlke et al., 2011; Fahlke and Hampe, 2015), 

it is suggested that rostral distortion in this particular specimen (MNHN.F. PRU 

10) is at least partly the original morphology of the skull and potentially a result 

of some taphonomic distortion (Martínez-Cáceres et al., 2017). Inevitably, 

some fossil specimens have sections of reconstructed bone. Their inclusion in 

the study was based upon the extent and accuracy of the reconstruction and 

the unavailability of alternative specimens.  

Skulls were scanned using a Creaform Go!SCAN 20, or Creaform Go!SCAN 

50 depending on the size of the skull. Scans were cleaned, prepared, and 

merged in VXElements v.6.0 and exported in ply format before being further 
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cleaned and decimated in Geomagic Wrap software (3D Systems). Models 

were decimated down to 1,500,000 triangles, reducing computational 

demands without compromising on detail for further morphometric analyses. 

In many studies of morphology when the skull is incomplete, it is possible to 

digitally reconstruct bilateral elements by mirroring across the midline plane if 

preserved on one side (Gunz et al., 2009; Cardini et al., 2010; Gunz et al., 

2013). However, due to the substantial asymmetry observed in many taxa in 

this study, mirroring a complete half of the skull was not possible (Fig. 2.1; 

Appendix 2: Fig. S2.1). For this reason, we limited mirroring to marginally 

damaged bones or easily mirrored missing bones only, where it was clear that 

mirroring would not mask any biological asymmetry, using the ómirror ô 

function in Geomagic Wrap (3D Systems). 
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[Figure on previous page] 

Fig. 2.1. An example of misaligned landmarks. Misalignment of mirrored landmarks 

when using the mirrorfill function on a specimen without bilateral symmetry. 

Landmarks mirrored in the geomorph package (Adams et al., 2019) on an 

asymmetric specimen. Note the incorrect mirroring of landmarks on the nasal and to 

a lesser extent on the posterior-ventral-lateral point of the maxilla (circled) in this 

specific specimen. Inset shows the same skull with the landmarks correctly placed. 

Specimen is Delphinapterus leucas USNM 305071.  

2.3.2. Morphometric data collection 

2.3.2.1 Manually placed landmarks (Fn)  

We placed 123 anatomically defined landmarks over the surface of the skull in 

Stratovan Checkpoint (Stratovan, Davis, CA, USA) using the ósingle pointô 

option. We placed 57 landmarks on both the left-hand side (LHS) and right-

hand side (RHS) of the skull, and 9 landmarks on the midline, totalling 123 

landmarks covering both the dorsal and ventral sides of the skull (Fig. 2.2). 

Type I and II landmarks (Adams et al., 2019) were selected to 

comprehensively represent the full cranium (Fig. 2.2; Appendix 2: Table S2.2). 

óLandmark 15ô and the subsequent mirrored ólandmark 79ô denote the back of 

the toothrow in most species. In some ziphiids e.g., Mesoplodon carlhubbsi, 

the teeth (or tusks) erupt midway along the mandible (Ellis and Mead, 2017) 

while other species present multiple pairs of tusks (Reid et al., 2003). In others 

(e.g., Hyperoodon ampullatus), teeth typically erupt as a single pair on the 

anterior mandible which often protrudes beyond the upper jaw (Ellis and Mead, 

2017). Without the mandible, it is challenging to pinpoint the positioning of the 

back of the toothrow, and even then, the presence and number of teeth is 

negligible in some species. Further, these tusks only erupt in adult males. For 

these reasons, and to avoid simply estimating where the true tooth row may 

be, ólandmark 15ô and ólandmark 79ô in specimens with mandibular 

prognathism, absent, maxillary-only, or vestigial dentition (including all 

ziphiids, narwhals (Monodon monoceros) and sperm whales (Physeter 

macrocephalus)) were consistently placed on the proximal lateral maxilla 
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where the posterior end of a standard tooth row would be located (Appendix 

2: Fig. S2.2).  

 

 

      

     a.                                                        b.  

 

Fig. 2.2. 123 landmarks placed on the dorsal and ventral of the skull. a. dorsal, b. 

ventral. 9 landmarks were placed on the midline (for landmark details see Appendix 

2: Table S2.2: 123 landmarks added to the entire surface of the skull). Specimen 

is Delphinapterus leucas USNM 305071. 

 

As previously noted, some specimens have missing data. Geometric 

morphometric analyses and plotting functions implemented in geomorph 

v.3.1.0 require a full complement of landmarks (Adams et al., 2019). This 

complement can consist of actual landmarks and estimated positions for 

ómissingô landmarks. To estimate positions for missing landmarks, we placed 
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ómissingô landmarks as close to the missing bone (areas that could not be 

digitally mirrored) as possible and then marked it as a ómissing landmarkô in 

Checkpoint which automatically assigns a coordinate of ï9999. We then used 

the estimate.missing  function in geomorph and the óTPSô (thin plate spline) 

method to estimate the location of landmarks on incomplete specimens. A 

reference specimen which has a complete complement of landmarks and sits 

close in the morphospace (to the incomplete specimen) is selected and the 

incomplete specimen is aligned against it using common landmarks (Gunz et 

al., 2009). In a TPS-based estimation missing landmarks are placed so that 

the overall bending energy between the reference and the incomplete 

specimen is smallest which creates a smooth deformation (Gunz et al., 2009). 

TPS was chosen over regression-based methods (i.e., óRegô in geomorph) 

because it performs better in simulations with missing data (Gunz et al., 2009).  

2.3.3 Phylogeny   

Our study uses a phylogenetic framework to reconstruct macroevolutionary 

patterns of cranial asymmetry across Cetacea. To generate a tree that 

included all our sampled taxa, we used the time-calibrated phylogeny from 

Lloyd and Slater (2020). This ógenus treeô includes all species belonging to a 

genus that appear in a character matrix using taxonomic constraints to place 

taxa that lack data. We modified it as follows: First, we added several 

additional extant species (which were already represented to the genus level 

in the Lloyd and Slater (2020) phylogeny), with position based on recently 

published studies. We placed Neophocaena asiaeorientalis in the same genus 

as Neophocaena phocaenoides (Jefferson and Wang, 2011), Sousa plumbea 

+ Sousa teuszii + Sousa sahulensis in the same genus as Sousa chinensis 

(Jefferson and Rosenbaum, 2014), Orcaella heinsohni in the same genus as 

Orcaella brevirostris (Beasley et al., 2005; Vilstrup, 2011); Mesoplodon 

hotaula in the genus Mesoplodon next to Mesoplodon gingkodens (Dalebout 

et al., 2014). Finally, we placed Berardius minimus in the genus Berardius next 

to Berardius bairdii and Berardius arnuxii following its recent description by 

Yamada et al. (2019). The following fossil species were directly swapped with 

their corresponding monophyletic congener as follows. We placed 
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Balaneoptera sp. (SDNHM 83695) as a sister taxon to Balaenoptera siberi 

(although not present in our sample), close to extant Megaptera novaeangliae 

as in Martin (2013), Balaenoptera floridana as a sister taxon to Balaenoptera 

davidsonnii (Demeré et al., 1986; Ekdale, 2016) (again, the latter species is 

not present in our sample), and Orycterocetus crocodilinus is placed in the 

physeterids according to Lambert et al. (2010). We placed Globicephala sp. 

as a sister taxon to Globicephala etruriae (Bianucci, 1996; Bianucci, 1998; 

Olson, 2008), and Hemisyntrachelus cortesii in the same genus as 

Hemisyntrachelus oligodon according to Post and Bosselaers (2005). We 

caution that Kentriodontidae is often considered a non-monophyletic ówaste-

basketô for Late Oligocene and Miocene homodont odontocetes (Lambert et 

al., 2017b). Restrictions according to Peredo et al. (2018) leave Tagicetus and 

Atocetus (previously referred to as Kentriodontidae) outside of the family 

(Appendix 2: Table S2.1). The positioning of Argyrocetus joaquinensis is also 

unclear (Lambert et al., 2015). Two specimens (Xenorophus ChM PV7677 and 

Patriocetid or Waipatiid CCNHM 1078) were excluded from the analysis due 

to uncertainty in their position (Appendix 2: Table S2.3). For computational 

purposes, all polytomies in the tree were resolved by adding zero branch 

lengths using multi2di in ape v.5.0 (Paradis and Schliep, 2018) prior to 

downstream phylogenetic analyses. 

 

2.3.4 Data analysis 

2.3.4.1 Quantifying asymmetry  

We generated mirrored landmarks for the right-hand side (RHS) of the skull 

and compared their positions to those of the original manually placed left-hand 

side (LHS) landmarks, measuring the amount of landmark displacement 

between the two. To do so, we used the 57 LHS landmarks and 9 midline 

landmarks (total = 66) (Appendix 2: Table S2.2) and mirrored the LHS 

landmarks onto the RHS using the mirrorfill  function in the R package 

ópaleomorphô v.0.1.4 Lucas and Goswami (2017). Before carrying out further 

analyses, we superimposed the specimens to remove all non-shape elements 



86 
 

i.e., size (scaling), translation and rotation (positioning) from the data using 

Generalised Procrustes Analysis implemented in the gpagen function from the 

geomorph R package v.3.1.0 (Adams et al., 2019).  

We used the R package ólandvRô v.0.4 (Guillerme and Weisbecker, 2019) to 

calculate the Euclidean distances between a reference specimen (the 

computer mirrored specimen) (Rn) and a focal specimen (the manually 

landmarked specimen) (Fn). Both Rn and Fn are defined by three coordinates 

(x, y, z). The landmark displacements were measured for each landmark 

individually using the spherical coordinates system which measures between 

the nth landmark of the Fn and the Rn specimens respectively (Guillerme and 

Weisbecker, 2019). This method provides 3 outputs from Guillerme and 

Weisbecker (2019):   

¶ ɟ, the Euclidean distance between Fn and Rn.  

¶ ,z the azimuth angle formed by the projection of Rn on the equatorial 

plane (f(x)=0).  

¶ ɗ (when using 3D data only), the polar angle formed by the projection 

Rn on the polar plane (f(y)=0). 

We estimated differences between Fn and Rn in the spherical coordinates 

system using the coordinates.difference  function in landvR and extracted 

the ɟ (radius) for each landmark, for each specimen. This provides a measure 

of the Euclidean distance between a manually placed landmark which 

accurately represented the specimenôs morphology (Fn), and a computer 

mirrored landmark (Rn). If the specimen is asymmetric, the computer mirrored 

landmark does not accurately reflect its morphology (Fig. 2.1).  

 

The spherical coordinates system is preferable because it directly measures 

landmark displacement in any direction, and further, the values for each 

landmark displacement is discrete in space (i.e., independent from other 

landmarks) (Guillerme and Weisbecker, 2019). This is important because it 

allows identification of asymmetry which may occur in discrete parts of the 

skull e.g., the posterior nasal without blanket labelling all landmarks as 

óasymmetricô. We obtained ɟ for each of the 123 landmarks for each specimen, 
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including the terrestrial artiodactyls (21,156 radii values in total). The larger the 

radii (and consequently the larger the   for a corresponding landmark) the 

more displacement between Fn and Rn. We interpret a higher ɟ as an 

indication of more asymmetry in the skull (see Fig. 2.3 for a visualisation of 

this). Higher displacement means that there is a greater difference between 

the placement of Fn and Rn, indicating asymmetry in those landmarks 

(Guillerme and Weisbecker, 2019). The closer the radius to 0, the more 

symmetrical the specimen as Fn hasnôt displaced far from Rn. We took the 

averaged sum of radii for each landmark (xↄɟland) to find the most asymmetrical 

landmarks and identify their location on the skull for each group (archaeocetes, 

odontocetes, mysticetes, and terrestrial artiodactyls) as well as an average 

total cranial asymmetry (xↄɟ) for each group. We also took the sum radii for 

each of the individual specimens (Ɇɟspec). We ran a principal components 

analysis (PCA) on the Procrustes aligned data using the ófactoextraô package 

v.1.0.7 (Kassambara and Mundt, 2017) in R to identify PC scores of maximum 

radii variation using the sum radii for each of the individual specimens (Ɇɟspec). 

We then used overall asymmetry in each specimen (Ɇɟspec) to reconstruct the 

evolution of cranial asymmetry. 
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[Figure on previous page] 

Fig. 2.3. Visualisation of p (radii) from landvR showing asymmetry in the dolphin skull. 

Landmarks are placed on a stylised outline of a dolphin skull. The 3D surface scan of 

a dolphin skull (inset) is shown for orientation and is Lissodelphis borealis USNM 

550188. The white spheres on the landvR  output show the fixed landmarks (1-66) on 

the left-hand side (LHS) of the skull (looking down on the skull with the rostrum 

pointing north). The landmarks on the right-hand side (RHS) of the skull vary in colour 

depending on how much difference there is between a computer mirrored landmark 

(which assumes the skull is bilaterally symmetrical) and a manually placed landmark 

(which accurately depicts asymmetry). The larger the difference between the 

computer mirrored landmark and the manually placed landmark, the hotter the 

colour.  The highest amount of asymmetry is shown in red and dark orange, less 

asymmetry is shown in pale orange and yellow. Note the red landmarks on the nasal 

and posterior premaxilla of this odontocete. The tails coming from each of the 

landmarks show how much and in which direction the landmarks have moved from 

where the computer mirrored them, to where the landmarks sit when manually 

placed.   

 

All models were run with cetacean data only (i.e., no terrestrial artiodactyls) 

and model fit was assessed using AIC. We also conducted the analyses after 

removing the rostrum (NR) as it may be more easily deformed through both 

taphonomic deformation and drying out in extant specimens. We also ran all 

models with a phylogeny that includes only taxa that appear in a character 

matrix from Lloyd and Slater (2020). We found no differences in the ordering 

of the best-fitting models with NR, nor with the phylogeny which only uses taxa 

that appear in the character matrix (see Appendix 2: Tables S2.4a-c; Figs 

S2.3-8); we thus focus the analyses on data including the rostral landmarks 

and the original ógenus treeô.  
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2.3.5 Modelling the evolution of cranial asymmetry 

We assessed how asymmetry (the sum of radii for each species; Ɇɟspec) has 

evolved across Cetacea using phylogenetic models of trait evolution. We 

investigated variation in rates of cranial asymmetry evolution using a relaxed 

Brownian Motion (BM) process with the rjmcmc.bm function implemented in 

the R package ógeigerô v.2.0.6.4 (Harmon et al., 2008; Eastman et al., 2011). 

This model uses a Bayesian framework with a reversible jump Markov Chain 

Monte Carlo (rjMCMC) algorithm to find the position and the amplitude of 

evolutionary rates changes and óshiftsô across the tree (Eastman et al., 2011). 

óJumpsô indicate a temporary or rapid change in the trait. 

 

We ran the rjMCMC chain for 106 generations sampling each 10000 

generations with the combined ójump-rbmô class model (Eastman et al., 2011). 

We used the weakly informative Half-Cauchy distribution with scale parameter 

25 (Gelman, 2006) as the prior density of the rate scalar and measurement 

error instead of the default exponential distribution and used default priors for 

the number of shifts (a Poisson distribution with mean equal to log(2) which 

places a 50% probability on a scenario with no shifts). For comparison and as 

a proposal mechanism for exploring the parameter space, we ran the same 

model with the órbmô class model and no jumps. We checked the effective 

sample size (ESS) and assessed convergence of the chains with Gelman and 

Rubinôs diagnostics (Gelman and Rubin, 1992; Gelman, 2006) using the 

óÅÆÆÅÃÔÉÖÅ3ÉÚÅƦ and ógelman.ÄÉÁÇƦ functions implemented in the R 

package ócodaô (Plummer et al., 2006) (Appendix 2: Figs S2.9-13; Table S2.5). 

2.3.6 Hypothesised evolutionary regimes for cranial asymmetry 

Several state-dependent models were proposed as potential predictors for the 

level of asymmetry seen in the cetacean skull. For example, óecholocationô 

(model: óechoô) (Table 2.1) is one model used to investigate whether the rate 

of evolution for skull asymmetry differs between species that can echolocate 

and those that cannot. We name two other models, the óregimeô model (model: 

óregimeô) and the óregime splitô model (model: óregime-splitô). In these models 



90 
 

we test whether evolutionary changes in asymmetry in the cetacean cranium 

(the studied trait) can be associated with the states of another discrete trait. 

By óregimeô we mean a particular condition or process that may be underlying 

the observed patterns of cranial asymmetry. We further fitted a ófrequency 

echolocationô model (model: óecho-freqô) (Table 2.1; Appendix 2: Table S2.6). 

This study is not a specialist analysis of acoustics (nor behaviours affecting 

acoustics) in cetaceans, and we use these values to indicate potential drivers 

for the evolution of cranial asymmetry. We assigned species to several 

categories depending on how they predominantly produce sound (Table 2.1; 

Appendix 2: Table S2.6). We fitted our several state-dependent models with 

different variants of the BM and OU model (Table 2.2). The multiple models 

and different rates are summarized below.  

 

[Table on next page] 

Table 2.1. Models of asymmetry associated with other discrete traits. Models tested 

to assess whether evolutionary changes in asymmetry in the cetacean cranium are 

associated with the states of another discrete trait. The óscenarioô names the type of 

model fitted, for example the echolocation model is based on whether a cetacean can 

echolocate or not. The description and assumptions outline the conventions of the 

model.  
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Scenario (model name)  Description  Model assumptions and references  

Ancestral state reconstruction 

(óancestralô) 

Species belong to one of three 

ancestral categories: óarchaeoceteô, 

óodontoceteô, ómysticeteô. 

The placing of species into óarchaeoceteô, óodontoceteô, ómysticeteô was based 

on the literature and published fossil descriptions (Berta et al., 2014; Marx et 

al., 2016a).  

óRegimeô model 

(óregimeô) 

Assumes selective evolutionary 

regimes. Archaeocetes are 

assigned to óregime1ô, mysticetes to 

óregime2ô, and most odontocetes to 

óregime3ô. 

The highly asymmetric 

monodontids, platanistids, and 

superfamily physeteroids are 

classified as a separate óregime4ô. 

Regimes are based on a preliminary trait plot (see Results) which shows that 

the monodontids, platanistids, and superfamily physeteroids have a much 

higher trait value (sum radii for the individual specimen; Ɇɟspec) (Ó 0.42, see 

Results) than other odontocetes and therefore may be evolving asymmetry 

under one different selective regime. 

óRegime-splitô model  

(óregime-splitô) 

As in the óregimeô model, 

archaeocetes are assigned to 

óregime1ô, mysticetes to óregime2ô, 

odontocetes in general to óregime3ô, 

and the highly asymmetric 

odontocetes (monodontids, 

platanistids, and physeteroids) are 

Each highly asymmetric group is evolving under its own separate selective 

regime; 1. monodontids, 2. platanistids, and 3. physeteroids. 
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in their own separate selective 

regimes. 

Echolocation model  

(óechoô) 

Species assigned to one of four 

groups depending on whether the 

species could echolocate. 

Band0: cannot echolocate. 

Band1: Not capable of echolocation, 

although reception of ultrasonic 

signals cannot be ruled out. 

Band2:  Early echolocation e.g., 

Cotylocara macei (Geisler et al., 

2014) and Echovenator (Kyhn et al., 

2009; Churchill et al., 2016) 

Band3: Fully echolocating. 

i. Although rudimentary, echolocation evolved very early in whale evolution, 

likely soon after odontocetes diverged from the ancestors of baleen whales 

(Berta et al., 2014).  

ii. The ability to produce ultrasonic sounds, and therefore echolocate, has 

been inferred for almost all fossil odontocetes (Fordyce and de Muizon, 2001) 

although Odobenocetops likely had greatly reduced echolocation abilities 

(Lloyd and Slater, 2020). 

iii. Mysticetes do not echolocate. 

iv. All extant odontocetes echolocate (Racicot et al., 2019). 

Echolocation-frequency model  

(óecho-freqô) 

Categorising by echolocation in the 

extant odontocetes and sound 

production in the extant mysticetes. 

i. Data on frequency specifics is not available for fossils. 

ii. Narrowband high-frequency (NBHF) cetaceans designated according to. 

Kastelein et al. (2002) and Khyn et al. (2009; 2013).  

iii. The non-NBHF delphinids were assigned to broadband low frequency 

(BBLF) according to Turl et al. (1989) and Jensen et al. (2013).  
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iv. The sperm whale sits in its own category. The hypertrophied nasal 

structures and deep-diving behaviour produce a low-frequency multi-pulsed 

sound (Madsen et al., 2002). 

v. Ziphiids sit in their own category. They produce frequency-modulated buzz 

clicks (FM-buzz) (Johnson et al., 2008; Johnston et al., 2008; Baumann-

Pickering, 2013a; Baumann-Pickering et al., 2013b). 

vi. Mysticetes do not echolocate and produce low-frequency sound (Clark, 

1990; Reindenberg and Laitman, 2007) 

vii. The Monodontidae sit on their own category. They produce narrowband 

structured (NBS) pulses (Sjare and Smith, 1986; Turl, 1990; Racicot et al., 

2018) 

See Appendix 2: Table S2.6 for further details. 
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In addition, we evaluated the fit of 24 alternative models based on the states 

of a discrete character (Table 2.1) implemented in the ómvMORPHô package 

in R (Clavel et al., 2015) using a maximum likelihood inference (Table 2.2). 

We used the ófitDiscrete ô function in the R package ógeigerô v.1.3-1 to fit 

various likelihood models for discrete character evolution. The model 

arguments tested were an óequal-ratesô model (ER) where all transitions occur 

at equal rates, a ósymmetric transitions are equalô model (SYM), and óall rates 

differentô model (ARD) where each rate is a separate parameter (Yang, 2006; 

Harmon et al., 2008). The ER model gave the best fit (Appendix 2: Table S2.7) 

(Yang, 2006; Harmon et al., 2008) and was thus used in all our alternative 

models using maximum-likelihood inference (Table 2.2). 

The multiple models described above (Table 2.1) relax the assumption of a 

common dynamic for modelling the trait evolution by allowing the estimation 

of the model parameters that depend on the states of a discrete character. For 

these, we first had to ópaintô the evolutionary history (e.g., ancestral state) of 

the selective regime onto the tree. To do this we used writ e.simmap in the 

óphytoolsô package v.0.6-99 (Revell, 2012). We ran these models under OUM 

(Ornstein-Uhlenbeck; OU) and BMM assumptions (Table 2.2). This includes 

iterations of these models for the data with the rostrum removed and with the 

phylogeny that includes only taxa that appear in a character matrix (Lloyd and 

Slater, 2020) (Appendix 2: Table S2.4b-c). All analyses were done in R v.3.5.0 

(R Core Team, 2017). 

 

 

 

 

 

 

 

 



95 
 

[Table on next page] 

Table 2.2. Evolutionary modes for changes in asymmetry. Models implemented using 

a maximum-likelihood inference to test evolutionary models for changes in 

asymmetry. Models test whether evolutionary changes in asymmetry (the studied 

trait) are associated with the states of another discrete trait.  The model name is a 

combination of the model state and the model type and is used throughout the study 

for consistency. The state describes the model scenario. The model types are 

variations of an Ornstein-Uhlenbeck (OU) model of continuous trait evolution and a 

Brownian Motion (BM) model of continuous trait evolution (see description). All 

models were run using an óequal-ratesô (ER) likelihood model (Appendix 2: Table S2.7 

- Likelihood model results (AIC) for each potential scenario for asymmetry in the 

cetacean cranium). For details on the model assumptions see Table 2.1 - Models 

testing whether changes in cetacean cranial asymmetry are associated with other 

discrete traits. 
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Model name State   Model type  Description  

óOU-ancestralô ancestral state  OU A classic Ornstein-Ulenbeck (OU) model 

óBM-ancestralô  ancestral state  BM A classic Brownian Motion (BM) model 

óBMtr-ancestralô  ancestral state BMtr A classic BM model with an independent trend  

óBMsm-ancestralô ancestral state  BMsm  A classic BM model with no selective regime 

and which estimates separate phylogenetic 

means 

óBMM-ancestralô, óBMM-

regimeô, óBMM-regime-splitô, 

óBMM-echoô, BMM-echo-

freqô 

ancestral state, regime, regime-

split, echolocation, 

echolocation-frequency  

BMM A BM model with a selective regime 

óBMMtr-ancestralô, óBMMtr-

regimeô, óBMMtr-regime-

splitô, óBMMtr-echoô, BMMtr-

echo-freqô 

ancestral state, regime, regime-

split, echolocation, 

echolocation-frequency  

BMMtr  A BM model with a selective regime and an 

independent trend 

óBMMsm-ancestralô, 

óBMMsm-regimeô, óBMMsm-

regime-splitô, óBMMsm-

echoô, BMMsm-echo-freqô 

ancestral state, regime, regime-

split, echolocation, 

echolocation-frequency  

BMMsm  A BM model with a selective regime which 

estimates separate phylogenetic means 
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óOUM-ancestralô, óOUM-

regimeô, óOUM-regime-splitô, 

óOUM-echoô, OUM-echo-

freqô 

ancestral state, regime, regime-

split, echolocation, 

echolocation-frequency  

OUM An OU model with a selective regime  
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Although the relaxed BM process described above is very flexible and allows 

the investigation of changes in evolutionary rates across the tree without 

strong a priori, it is however limited for assessing and interpreting changes in 

evolutionary modes. Moreover, recovered changes in rates might result from 

long term trends in the average asymmetry rather than actual changes in the 

pace of evolution. We considered multiple models including parameterizations 

of the BM and OU process (Table 2.2).  Our models assume constant 

dynamics of trait evolution but a directional drift of the clade average value that 

might be interpreted as shifts in evolutionary rates in the relaxed BM model 

considered above. We also considered models with specific optimums (model 

ñOUMò in ómvOUô), and ancestral states and/or rates (model ñBMMò in ómvBMô) in 

different parts of the tree. The more parameterized and refined models allow 

for testing of evolutionary changes in the studied trait and can be associated 

with the states of another discrete trait. In this study we consider different 

scenarios to assess whether the evolution of the skull asymmetry shows 

marked differences between the three major clades (archaeocetes, 

odontocetes, and mysticetes) and if it is related to the evolution of 

echolocation. 

2.3.7 Analysis of variance  

Lastly, we ran phylogenetically corrected ANOVAs (an ANOVA that takes into 

account relatedness (i.e., phylogenetic position) between species, so that this 

effect can be removed and/or analysed) on each of the different scenarios 

using the R package ónlmeô (v.3.1-137) (Pinheiro et al., 2020) and function 

ógls ô to test for correlations between the level of asymmetry seen in the skull 

and the potential scenarios (or regimes) hypothesised above (Table 2.1). ógls ô 

allows for a more flexible model with better power. Simulations were run using 

a óPagelôs Lambdaô (ɚ) correlation structure (corPagel ) in the óapeô package 

(Paradis and Schliep, 2018) which is derived from a Brownian Motion model 

by multiplying the covariances by ɚ. As we ran multiple models, we controlled 

for a false discovery rate using the Benjamini-Hochberg method (Benjamini 

and Hochburg, 1995; Benjamini and Yekutieli, 2001) (Appendix 2: Table S2.8). 
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The data sets generated and/or analysed during the current study are 

available in the Github repository:    

https://github.com/EllenJCoombs/Asymmetry-evolution-cetaceans: (Coombs 

et al., 2020b).  

2.4 Availability of data and materials 

The data sets generated and/or analysed during the current study are 

available in the Github repository: 

https://github.com/EllenJCoombs/Asymmetry-evolution-cetaceans.  

All code and raw data are available to download, complete with MIT license. 

Please cite this paper when accessing the data or raw code.  

2.5 List of abbreviations  

AIC - Akaike information criterion 

ANOVA - Analysis of variance 

ARD ï óall rates differentô model 

BM - Brownian Motion  

ER - óequal-ratesô model  

FM-buzz - Frequency-modulated buzz clicks  

Fn - manually placed landmark which accurately represented the specimenôs morphology  

Mya ï Million years ago 

NBHF - Narrowband high-frequency  

NBS - narrowband structured 

NR ï no rostrum  

OU ï Ornstein-Uhlenbeck 

p ï radius  

rjMCMC - reversible jump Markov Chain Monte Carlo 

Rn - computer mirrored landmark  

SYM - ósymmetric transitions are equalô model  

xↄɟ - average total cranial asymmetry for each group 

xↄɟland - averaged sum of radii for landmark  

Ɇɟspec - sum radii for each of the individual specimens 

https://github.com/EllenJCoombs/Asymmetry-evolution-cetaceans
https://github.com/EllenJCoombs/Asymmetry-evolution-cetaceans
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2.6 Results  

2.6.1 Cranial asymmetry across cetaceans 

Comparing the sum radii (Ɇɟspec) for each specimen in our data set, we found 

that odontocetes, especially the monodontids, physeterids, and kogiids, are 

the most asymmetrical of the cetaceans (Table 2.3).  

 

Table 2.3. Asymmetry in the cetacean skull. List of cetacean specimens with the 

highest sum radii across the cranium (Ɇɟspec). ɟ is the radius value calculated as the 

Euclidean distance between the computer mirrored landmark and the manually 

placed landmark. The larger the value for ɟ, the longer the radii for a corresponding 

landmark and the more it is displaced, indicating asymmetry between the two sides 

of the cranium.

 
species family  suborder  sum 

radii 

(Ɇɟspec) 

1 Monodon monoceros USNM 267959 Monodontidae odontocete 0.546 

2 Orycterocetus crocodilinus USNM 22926 Physeteridae odontocete 0.518 

3 Aulophyseter morricei UCMP 81661 Physeteridae  odontocete 0.489 

4 Kogia breviceps USNM 22015 Kogiidae  odontocete 0.462 

5 Kogia simus NHMUK 1952.8.28.1 Kogiidae  odontocete 0.457 

6 Physeter macrocephalus NHM UK 2007.1 Physeteridae odontocete 0.456 

7 Delphinapterus leucas USNM 305071 Monodontidae odontocete 0.453 

8 Platanista gangetica USNM 172409 Platanistidae odontocete 0.449 

9 Globicephala melas NMNZ MM001946 Delphinidae odontocete 0.410 

10 Pseudorca crassidens USNM 11320 Delphinidae odontocete 0.408 
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Of 172 specimens, the top 43 with the highest Ɇɟspec are odontocetes. The 

highest ranking mysticetes are a balaenopterid (MNNZ MM001630) (Ɇɟspec = 

0.300), Aglaocetus moreni (Ɇɟspec = 0.298), and Janjucetus hunderi (Ɇɟspec = 

0.295), ranked 47th, 50th, and 51st, respectively (Appendix 2: Table S2.1). The 

highest ranking archaeocetes are Basilosaurus isis (Ɇɟspec = 0.308) and 

Zygorhiza kochii (Ɇɟspec = 0.306) ranked 44th and 45th, respectively. The 

highest-ranking terrestrial artiodactyls do not appear until the 

129th (Capricornis sumatrensis, Ɇɟspec = 0.205) and 139th (Bos sp., Ɇɟspec = 

0.195) positions. The mysticetes and terrestrial artiodactyls dominate the 

lower end of the ranking with eight of the last ten positions occupied by extant 

balaenids and balaenopterids and one fossil pelocetid (Appendix 2: Table 

S2.9).  For the whole cetacean data set the most asymmetric landmarks are 

the nasals, the maxilla at the sutures with the nasals and premaxilla, and the 

posterior, dorsal premaxilla (Table 2.4). This distribution is heavily influenced 

by the odontocete sample (n = 120, 74% of cetacean specimens). For this 

reason, each cetacean suborder and the terrestrial artiodactyls were analysed 

separately. The mean total cranial radii for odontocetes is the highest of all 

groups at xↄɟ = 0.290 (Table 2.4). The most asymmetric landmarks for 

odontocetes are the dorsal and posterior-dorsal maxilla (suture with nasal and 

premaxilla), and nasals (Table 2.4). Terrestrial artiodactyls have the lowest 

overall asymmetry across the skull (xↄɟ = 0.171), followed closely by Mysticetes 

(xↄɟ = 0.191). Archaeocetes showed a moderately high level of asymmetry in 

the skull (xↄɟ = 0.251). Cetacean subgroups differ greatly in identity of the most 

asymmetric landmarks and magnitude of landmark asymmetry (Table 2.4). For 

example, the most asymmetric landmark in odontocetes is the dorsal medial 

maxilla (suture with nasal and premaxilla) with xↄɟland = 0.013, whereas the 

most asymmetric landmark in mysticetes is the posterior ventral lateral most 

point of the maxilla, with xↄɟland = 0.005 (Table 2.4). This difference is evident 

when comparing average landmark asymmetry across the groups (Fig. 2.4).  
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[Table on next page] 

Table 2.4. Highest landmarks of asymmetry. List of the five landmarks with the 

greatest variation across the cranium for all cetaceans, archaeocetes, odontocetes, 

mysticetes, and terrestrial artiodactyls. ɟ is the radius value, calculated as the 

Euclidean distance between the computer-mirrored landmark and the manually 

placed landmark. The larger the value for ɟ, the more it is displaced, indicating 

asymmetry between the two sides of the cranium.  xↄɟ is the average of the total radii 

(×ɟ) values across the skull for all the specimens in that group. xↄɟland is the average 

radii across all specimens in that group for that landmark. Each image shows the 

position of the five landmarks of greatest variation for each respective group. Skulls 

not to scale.  
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Suborder  Average 

asymmetry 

in the skull  

(xↄɟ) 

1st highest 

landmark of 

variation  

2nd highest 

landmark of 

variation  

3rd highest 

landmark of 

variation  

 

4th highest 

landmark of 

variation  

5th highest 

landmark of 

variation  

 

Specimen showing 

top 5 landmarks 

(red) 

Landmark 

description 

xↄɟland Landmark 

description   

  

 

xↄɟland 

Landmark 

description 

 

xↄɟland 

Landmark 

description 

 

xↄɟland 

Landmark 

description  

 

xↄɟland 

All cetaceans    0.268 

 

L74: Dorsal 

medial 

maxilla 

(suture with 

nasal and 

premaxilla) 

0.010 L68: 

Posterior 

lateral 

corner of 

nasal 

0.009 L71: 

Posterior 

dorsal 

premaxilla 

0.009 L121: 

Posterior 

point of 

nasal 

 

0.008 L67:  Left 

anterior 

lateral 

nasal  

 

0.007  

Archaeocetes  0.251 L72:  

Anterior 

lateral 

ventral 

premaxilla 

0.007 L69: Tip of 

rostrum, 

anterior 

dorsal side, 

anterior 

midline of 

tooth row 

 

0.007 L70: 

Anterior 

dorsal 

premaxilla 

0.007 L82:  Jugal 

posterior 

ventral  

 

 

0.006 

L73: 

Anterior 

lateral 

ventral 

maxilla 

0.006  

           

 



 
 

104 
 

Odontocetes  0.290 

 

L74: Dorsal 

medial 

maxilla 

(suture with 

nasal and 

premaxilla) 

0.013 L68:  

Posterior 

lateral 

corner of 

nasal 

0.011 L71: 

Posterior 

dorsal 

premaxilla 

0.010 L121: 

Posterior 

point of 

nasal 

 

0.009 

L67: Left 

anterior 

lateral 

nasal 

0.009  

      

Mysticetes  0.191 L78: 

Posterior 

ventral 

lateral most 

point of 

maxilla 

(near orbit) 

0.005 L79:  

Posterior 

tooth row 

lateral 

maxilla 

0.005 L72: 

Anterior 

lateral 

ventral 

premaxilla 

0.005 L71: 

Posterior 

dorsal 

premaxilla 

0.005 L122: 

Anterior 

medial 

frontal  

 

0.005  

       

Terrestrial 

artiodactyls  

0.171 L83: 

Lateral 

posterior 

frontal 

(posterior 

lateral 

parietal 

suture) 

0.006 L87: 

Anterior 

medial 

parietal  

0.005 

 

L97: 

Posterior 

lateral most 

point of the 

mandibular 

articular 

process 

0.005 L80: Jugal 

anterior 

dorsal 

0.005 L98:  

Lateral 

posterior 

squamosal 

(occipital 

suture) 

0.004  
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The basilosaurid and protocetid archaeocetes show a high level of asymmetry, akin 

to the levels seen in fossil and extant odontocetes (Appendix 2: Table S2.9). The 

contribution of rostral landmarks to overall cranial asymmetry in these archaeocete 

families ranges from 13.8% in Aegyptocetus tarfa to 31.3% in Artiocetus clavis. The 

average amount of asymmetry concentrated in the rostrum is higher in archaeocetes 

(19.3%) (this includes the families Kekenodontidae, Pakicetidae, and 

Remingtonocetidae, which are not commonly associated with asymmetry) than in 

mysticetes (14.2%) and odontocetes (14.7%) (Appendix 2: Table S2.10-12.).  

 

 

 

a.                     b.                            c.                            d. 
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[Figure on previous page]                

Fig. 2.4. Average radii per landmark (xↄɟland) for each taxon group. Landmarks 

superimposed onto a stylised skull which represents an óaverage specimenô for that 

group. From left to right: a) the average landmark radii (xↄɟland) for terrestrial 

artiodactyls, b) the average landmark radii for archaeocetes, c) the average landmark 

radii for odontocetes, and d) the average landmark radii for mysticetes. Landmarks 

on skulls a) and d) consist of pale yellows indicating low asymmetry. The landmarks 

on skull b) are pale yellow, with darker yellows on the jugal, orbit, and rostrum 

indicating a higher level of asymmetry. Oranges and red landmarks in the nasal, 

posterior premaxilla, and posterior maxilla on skull c) (the odontocete) indicate a high 

level of asymmetry. Skulls not to scale.  

 

As deformation during fossil preservation may create nonbiological asymmetry 

and previous studies suggest this may be concentrated in the rostrum of some 

fossil cetaceans, (Martínez-Cáceres and de Muizon., 2011; Fahlke and 

Hampe, 2015; Martínez-Cáceres et al., 2017), we also ran analyses without 

any fossils and without rostral landmarks. When fossils were removed there 

was a decrease in asymmetry in mysticetes (xↄɟ = 0.142) (extant mysticetes: n 

= 12, 7% of the data set). In contrast, fossil odontocetes are more symmetrical 

than most extant odontocetes (Appendix 2: Table S2.9). For this reason, when 

fossil odontocetes were removed, the level of average asymmetry in the extant 

odontocete skull increased marginally (xↄɟ = 0.292) (extant odontocetes: n = 

72, 44% of the data set). Excluding rostral landmarks had the most impact on 

archaeocetes and mysticetes, as some of the highest levels of asymmetry in 

those clades are found in the rostral region (Table 2; Appendix 2: Tables 

S2.10-12). However, overall, removal of the rostral landmarks had only a minor 

effect on results (Appendix 2: Fig. S2.3-5, Table S2.4b). Principal components 

analysis of landmark asymmetries showed that odontocetes exhibit a wide 

range of patterns of cranial asymmetry (Fig. 2.5), and cranial shape (Appendix 

2: Fig. S2.14). Mysticetes and terrestrial artiodactyls overlap in asymmetry 

morphospace, while archaeocetes have a higher level of asymmetry, similar 

to more moderately asymmetric odontocetes (Fig. 2.5). See Appendix 2: Fig. 

S2.15 for identification of each specimen in the morphospace.  
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Fig. 2.5. Total cranial asymmetry in different taxa ï a morphospace. Principal 

Components 1 and 2 for full data set (n = 172, including 10 terrestrial artiodactyls). 

Circle size reflects the sum radii (×pspec) in the skull for each specimen, with larger 

circles indicating higher ×pspec. A morphospace labelled with a specimen key is 

provided in the Appendix 2: Fig. S2.15 - Principal Components plot with PC1 and PC2 

plotted for each specimen. Silhouettes are from Phylopic with credit attributed to Chris 

Huh and used under the Creative Commons Licence (2020).  
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The basilosaurid and protocetid archaeocetes show a high amount of 

asymmetry (×pspec) in the cranium (Fig. 2.6 (1)), similar to that observed in 

early odontocetes, such as xenorophids (Fig. 2.6 (4)). Asymmetry decreases 

towards the base of Neoceti, and mysticetes show the lowest level of cetacean 

asymmetry observed in the entire data set (Fig. 2.6 (2)), overlapping with 

terrestrial artiodactyls (Fig. 2.5). As expected, odontocetes show higher values 

of asymmetry but span nearly the full range of asymmetry morphospace (Fig. 

2.5). The highest asymmetry is seen in the monodontids, platanistids, and 

physeteroids (Fig. 2.6 (6-8)). There are some exceptions within odontocetes, 

however, such as lower levels of asymmetry in the other extant river dolphins 

(Inia, Pontoporia, and Lipotes) (Huggenburger et al., 2010; Huggenburger et 

al., 2017). Lower asymmetry is also observed in the family Eurhinodelphinidae 

(Lambert, 2005), the extant phocoenids (Marx et al., 2016a; Racicot, 2018) 

and genus Sousa (Thompson, 1990) (Fig. 2.6 (5)).  
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[Figure on previous page] 

Fig. 2.6. Magnitude of cranial asymmetry across Cetacea. Time-calibrated phylogeny 

for sampled cetacean species indicating magnitude of cranial asymmetry (×pspec). 

The labels highlight the following points: 1. archaeocetes; 2. mysticetes; 3. the origin 

of Neoceti (~39 Mya) (Marx et al., 2016a); 4. Early odontocetes including the 

xenorophids; 5. Odontocetes; 6. The highly asymmetrical Platanista gangetica; 7. The 

highly asymmetrical monodontids; and 8. The highly asymmetrical Physeteroidea. 

The full data set (n = 162) is used. Phylogeny based on Lloyd and Slater (2020). 

Silhouettes are from Phylopic with credit attributed to Chris Huh and used under the 

Creative Commons Licence (2020). 

 

2.6.2 Evolutionary models of asymmetry 

Reconstructing shifts in the rate of asymmetry evolution supported three shifts 

with a probability > 0.375, with several additional shifts at lower probabilities 

(Fig. 2.7).  There is a probability (0.375) of a shift in asymmetry occurring in 

the family Xenorophidae during the Early Oligocene (~30 Mya); this 

represents the first, large shift in asymmetry in the cetacean phylogeny (Fig. 

2.7). Another shift occurs in the physeteroids (~23 Mya; probability = 0.750) 

and a later shift (probability = 0.625) is seen in the Late Miocene/Early 

Pliocene in the Monodontidae (Fig. 2.7). There are two smaller shifts 

(probability = 0.250) in the Squalodelphinidae and Platanistidae in the Late 

Oligocene/Early Miocene and later in the óinioidsô. There are no high probability 

shifts in asymmetry in the mysticete suborder, nor in the archaeocetes. Shifts 

with small (< 0.250) probabilities of occurrence are scattered throughout the 

phylogeny (Fig. 2.7), including one low probability shift at the root of 

Archaeoceti, but most shifts occur within the odontocetes. There is no 

measurable probability of a shift occurring in the archaeocete protocetids and 

basilosaurids. A slower or decreasing rate of asymmetry evolution is 

reconstructed within Mysticeti. Surprisingly, no shifts are reconstructed in the 

ziphiids, an odontocete family with bizarre asymmetrical premaxillary crests in 

most species (e.g., Ziphius cavirostris). 
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[Figure on previous page]  

Fig. 2.7. Reconstructed probability of shifts in cetacean cranial asymmetry. 

Reconstructed probability along each branch of the phylogeny under the assumption 

of relaxed Brownian Motion with a Half-Cauchy distribution for the prior density of the 

rate scalar. Circles indicate a shift in the trait on either the branch or in the whole 

clade. The colour of the circle indicates the shift direction with red indicating forward 

shifts and blue indicating backwards shifts. The size of the circle indicates the 

probability of the shift occurring in that position in the clade with the largest circle 

(here, 0.750) indicating the highest probability of a shift occurring. The colour of the 

branch itself indicates posterior rates for that branch with red showing higher, 

increasing rates and blue showing lower, decreasing rates. The background rate is 

shown as grey. The asymmetry value is given as the sum of radii (×pspec) per 

specimen. A trace of the chain is provided in Appendix 2: Fig. S2.13 - Gelman 

diagnostics for the two chains. Phylogeny based on Lloyd and Slater (2020). 

 

 

We found a similar pattern for ójumpsô (a temporary or rapid change in the trait) 

(Fig. 2.8) as we did for óshiftsô, with the addition of several jumps occurring in 

the Mid-Late Oligocene. The largest jumps (probability = 0.750) occur in the 

physeteroids and the monodontids. Smaller jump probabilities (0.625) occur in 

the Delphinidae, specifically in the subfamily Globicephalinae (e.g., 

Globicephala spp., Pseudorca crassidens) and Platanistidae and 

Squalodelphinidae and also at around probability = 0.40 in the xenorophids 

and the kentriodontids (Fig. 2.8). The traces of the chains for the two models 

(shifts and jumps) show that a successful burn-in occurs before 25% of the 

model iterations are run, justifying the use of the default value (Appendix 2: 

Fig. S2.9, S2.10 and Model diagnostics (Gelman and Rubin, 1992; Gelman, 

2006; Plummer et al., 2006). All model diagnostics are provided in Appendix 

2: Fig. S2.9-13; Table S2.5 and Model diagnostics section (Gelman and Rubin, 

1992; Gelman, 2006; Plummer et al., 2006). 
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[Figure on previous page] 

Fig. 2.8. Reconstructed probability of jumps in the rate of cetacean cranial 

asymmetry. The model also predicts the number of jumps which may have occurred. 

The size of the circle indicates the probability of the jump occurring in that position in 

the clade with the largest circle (here, 0.750) indicating the highest probability of a 

jump occurring. The colour of the circle indicates the number of inferred jumps, where 

dark red = 5 and pale red = 1. The asymmetry value is given as the sum of radii 

(×pspec) per specimen. A trace of the chain is provided in Appendix 2: Fig. S2.13 - 

Gelman diagnostics for the two chains.  Phylogeny based on Lloyd and Slater (2020).  

 

2.6.3 Evolutionary models of influence on asymmetry   

Inclusion or exclusion of the rostrum made no difference to the ordering of the 

ógoodness of fitô of the models (Table 2.5; Appendix 2: Table S4.5b (Lloyd and 

Slater, 2020). There was no difference in the ordering of the ógoodness of fitô 

of the top models when we ran all models with a phylogeny that includes only 

species that appear in a character matrix from Lloyd and Slater (2020) 

(Appendix 2: Fig. S2.6-8 Table S4.5c (Lloyd and Slater, 2020). For this reason, 

the results focus on the analyses which include the rostral landmarks and the 

original ógenus treeô phylogeny. 

The best fit model for both data sets is the óOUM-regimeô (AIC = - 448) (Table 

2.5), which is the model with a selective regime suggesting 

that the monodontids, physeteroids, and platanistids are evolving under a 

single different regime (Table 2.5; Appendix 2: Table S2.4a (Lloyd and Slater, 

2020), under the assumption of OrnsteinïUhlenbeck (OU).  The óOUM-

regime-splitô model (the previously mentioned óregimeô model split into 4 

separate óregimesô i.e., one óregimeô (evolutionary state) for the monodontids, 

one for physeteroids, and one platanistids) also received strong support (AIC 

= - 445).  

In both the óOUM-regimeô and óOUM-regime-splitô models, archaeocetes are 

placed into one regime, mysticetes in another, and the remaining odontocetes 

in a third. The third best fit model is the óOUM-echo-freqô model (AIC = - 403) 
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(Table 2.5), again under an OU assumption, with species categorised by their 

predominant echolocation/sound group.   

 

Table 2.5.  Five best-fit evolutionary models for cranial asymmetry. Model ranked 

according to the Akaike Information Criteria (AIC). Models are detailed in Table 2.1 - 

Models testing whether changes in cetacean cranial asymmetry are associated with 

other discrete traits 

 

 

Phylogenetic ANOVAs supported the óOUM-regimeô, óOUM-regime-splitô, and 

óOUM-echo-freqô models as factors significantly associated with total cranial 

asymmetry (Ɇɟspec) across cetaceans (F = 26.97, p < 0.001; F = 15.78, p < 

0.001; F = 5.83, p < 0.001, respectively).  Geological age, suborder, and 

presence/absence of echolocation were not significantly associated with 

cranial asymmetry (F = 1.10, p = 0.36; F= 1.57, p = 0.21; F = 1.44, p = 0.23, 

respectively). After correction for false discovery rate (using the Benjamini-

Hochberg method (Benjamini and Hochberg, 1995; Benjamini and Yekutieli, 

2001), the regime, regime-split, and echolocation frequency models remained 

significant (p < 0.001, p < 0.01, p < 0.001, respectively) (Appendix 2: Table 

S2.8; Benjamini and Hochberg, 1995; Benjamini and Yekutieli, 2001). 

Hereafter, results with the Benjamini-Hochberg correction are discussed.  

   

Model Full landmark data set 

 

No rostrum 

 

 Rank Akaike Information 

Criteria (AIC) 

Rank Akaike Information 

Criteria (AIC) 

óOUM-regimeô 1 -448 1 -498 

óOUM-regime-splitô 2 -445 2 -496 

óOUM-echo-freqô 3 -403 3 -449 

óOUM-ancestralô 4 -379 4 -424 

óOUM-echoô 5 -373 5 -422 
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2.7 Discussion  

Our analyses of cranial asymmetry through the evolutionary history of whales 

suggests that the common ancestor of living whales (mysticetes and 

odontocetes) did not possess significant naso-facial asymmetry, and thus it is 

unlikely that echolocation was present at that stage of whale evolution or at 

any point in mysticete evolution. Cranial asymmetry is highest in crown 

odontocetes and first becomes a major feature of odontocete crania in the 

Early Oligocene, soon after their divergence from mysticetes. This period has 

previously been identified as one of unusually high diversity and evolution in 

neocete skull morphology (Fordyce, 1980; Berta et al., 2014; Churchill et al., 

2018) alongside an explosive and rapid radiation of crown cetaceans 

(Fordyce, 1980; Slater et al., 2010; Boessenecker et al., 2017).  

Rostral asymmetry is observed in some archaeocetes and is potentially related 

to directional hearing, possibly increased by deformation in some cases.  

Fahlke et al. (2011) suggest that Artiocetus clavis (GSP-UM 3458 - the same 

specimen as used in this study) was found palate-up with no evident 

compression or deformation, and further suggest that archaeocete asymmetry 

in the rostrum is consistent in direction. We found this same rostral asymmetry 

in this and other archaeocetes along with asymmetry in the jugal, orbit, and 

squamosal. This rostral asymmetry disappears in Neoceti and later arises in 

the naso-facial region in odontocetes. In archaeocetes, four of the ten most 

asymmetric landmarks (×pland) were located in the rostrum (Table 2.4). This 

distribution could be inferred as torsion in the archaeocete rostrum as part of 

a complex of traits which led to directional hearing (Fahlke et al., 2011). This 

asymmetry then disappears during the transition from archaeocetes to early 

neocetes (Fig. 2.6; Appendix 2: Table S2.9). It is unclear whether this is due 

to an actual shift from a primitive form of aquatic directional hearing in 

specific archaeocetes (the basilosaurids and protocetids, as suggested by 

Fahlke et al. (2011) to a different regime (i.e., to high frequency sound 

production in the odontocetes, and low-frequency hearing in the mysticetes), 

or whether this is simply asymmetry unrelated to function in the rostrum as is 

reported for other mammals (e.g., dextral twist in the rostral region of some 

dogs (Howell, 1925) or even brought on by developmental and environmental 
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stressors (Willmore et al., 2005; Goswami et al., 2015). Further it could be 

related to specific feeding strategies such as bottom-feeding or other 

lateralized behaviours which can cause asymmetry related to increased 

muscle attachment or mechanical stress in the preferential side (Galatius, 

2005; 2006). When looking at the primary landmarks displaying asymmetry in 

the basilosaurids and protocetids, there is no indication that these are 

dominated by rostral torsion more than in the other archaeocetes (Appendix 

2: Table S2.10), and instead asymmetry appears to be spread in no particular 

pattern across the jugal, squamosal (which are possibly more susceptible to 

deformation), rostrum, and orbit for these families. Rostral asymmetry in the 

archaeocetes is at least partly caused by fossil distortion in some specimens 

(Martínez-Cáceres et al., 2011) but perhaps may also be biologically present 

in more archaeocete families than previously thought. 

We found no high probability shifts (Fig. 2.7) in asymmetry occurring in the 

protocetids and basilosaurids, despite a rapid change from high asymmetry 

(found in the rostrum in these archaeocetes) to a more symmetrical skull in the 

early mysticetes such as Coronodon havensteini (Fig. 2.6).  We did, however, 

find evidence for small temporary and rapid change (jumps) in asymmetry in 

the later archaeocetes (Fig. 2.8). Echolocation, telescoping, and ecological 

specialization rapidly evolved shortly after the divergence of Neoceti from 

Basilosauridae (Geisler et al., 2014; Boessenecker et al., 2017) and there may 

have been a rapid regime change from directional hearing occurring at the 

same time, possibly with associated asymmetry.   

Asymmetry is lowest in basal mysticetes such as Coronodon havensteini and 

the aetiocetids and remains low in mysticetes from the Oligocene to present. 

There are no high probability shifts in asymmetry in the mysticetes. Rather, 

Mysticeti largely display a slower or decreasing rate of the trait. There are 

some increases in asymmetry observed in individual mysticetes, for example 

in Balaenopteridae indet (NMNZ MM00163) and Aglaocetus moreni (FMNH 

P13407), but this likely represents taphonomic distortion in the rostrum rather 

than biological asymmetry. Balaenopteridae indet NMNZ MM00163 especially 

has some distortion in the supraoccipital, postorbital process, lateral posterior 

squamosal, and the parietal which likely account for its high Ɇɟspec.  
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Quantifying cranial asymmetry in living and extinct mysticetes allows 

reconsideration of the evolution of echolocation in this clade. The consensus 

is that cranial asymmetry in whales evolved due to the production of high 

frequency vocalisations (Mead, 1975; Heyning, 1989; Huggenberger et al., 

2017). The consistent level of symmetry in the mysticetes corroborates the 

hypothesis that mysticetes never evolved sophisticated echolocation 

(Fitzgerald, 2006; Park et al., 2017) and also contradicts the hypothesis 

that this suborder secondarily lost their echolocation capabilities (Milinkovitch 

et al., 1995). Our analysis further suggests that echolocation was likely not 

present in the common ancestor of mysticetes and odontocetes (Fitzgerald, 

2016; Park et al., 2017) but evolved early in the common ancestor 

of odontocetes shortly after they diverged from mysticetes (Geisler et al., 

2014). As reported in Fahlke and Hampe (2015), mysticete crania are similar 

in magnitude of asymmetry to terrestrial artiodactyls (Table 2.4, Fig. 2.5). In 

mysticetes, the highest level of cranial asymmetry was found in the rostrum, 

likely due to deformation. In some extant specimens we observed that the tip 

of the rostrum has dried out and partly split apart. Even with drying-out and 

potential taphonomic deformation, the levels of asymmetry in mysticetes were 

lower than asymmetry seen in archaeocetes and much lower than that of 

odontocetes.  

Cranial asymmetry first appears as a significant morphological trait in the Early 

Oligocene odontocetes Xenorophidae (Fig. 2.6; 2.7), suggesting that biosonar 

arose early in odontocete evolution. Odontocete asymmetry is overwhelmingly 

concentrated in the nasals including the posterior suture with the frontal, 

maxilla, and premaxilla. Most early odontocetes are less asymmetric (Fig. 2.6) 

compared to later extinct and modern forms (Thompson, 1990), bar a few 

exceptions. The extant La Plata dolphin (Pontoporia blainvillei), is one of few 

living odontocetes with cranial symmetry but asymmetric nasal sacs 

(Thompson, 1990), a trait it shares with other NBHF echolocators (Morisaka 

and Connor, 2007). It ranks here as the least asymmetric odontocete (×pspec 

= 0.179, Appendix 2: Table S2.9).  Other extant odontocetes with low cranial 

asymmetry include Sousa, Sotalia, and Steno (Fig. 2.6) which have been 

suggested to converge in skull morphology with kentriodontids (Thompson, 
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1990), (Fig. 2.6). Phocoenids also exhibit a low level of cranial asymmetry (Fig. 

2.6) (Marx et al., 2016a).  This low asymmetry is likely tied to their relatively 

low peak-power biosonar (Jensen et al., 2018; Galatius et al., 2019).  Further, 

many descriptions of eurhinodelphinids have suggested that their crania are 

only slightly asymmetric (Lambert, 2005; Benoit et al., 2011), as is supported 

here (Fig. 2.6). Thus, it should be considered that although some later fossil 

odontocetes had symmetrical skulls, they may have had asymmetrical nasal 

sacs as is observed in these extant species. 

Macroevolutionary reconstruction of shifts and jumps in cranial asymmetry 

throughout cetacean evolution supported a high probability (probability = 

0.375) of the first major positive shift in asymmetry occurring in 

xenorophids during the Early Oligocene (~30 Mya) (Fig. 2.6; Fig. 2.7). This 

result adds further evidence to the idea that xenorophids and other 

odontocetes iteratively evolved specialisations for the production of high 

frequency sounds necessary for echolocation (Geisler et al., 2014; Churchill 

et al., 2016; Park et al., 2016; Racicot et al., 2019). The distinct cranial 

morphology (and by inference, distinct soft tissue morphology) found in 

xenorophids (e.g., a deep rostral basin, a narrow premaxillary fossa, and a 

postnarial fossa), indicate a form of echolocation unique to the clade which 

interestingly, as it became more specialised, also became more asymmetrical, 

highlighting the importance of this trait for echolocation. The position of 

xenorophids as the earliest diverging clade within Odontoceti demonstrates 

that echolocation, telescoping, and ecological specialization rapidly evolved 

shortly after the extinction of the Basilosauridae (Churchill et al., 2016; Park et 

al., 2016; Boessenecker et al., 2017). Since then, cranial asymmetry has 

increased and remained generally high throughout the odontocete lineage 

(Fig. 2.6), bar a few exceptions. 

Later shifts are observed in the physeteroids in the Late Oligocene (~23 Mya) 

and in the Squalodelphinidae (this increase in asymmetry is also recently 

mentioned in Bianucci et al. (2020)), and Platanistidae in the Late 

Oligocene/Early Miocene. The latter two families share marked asymmetry in 

the premaxillae with the right maxilla narrower than the left in dorsal view 

(Lambert et al., 2014). Further, asymmetry is recorded in the frontal and 
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maxillary crests of fossil platanistids such as Zarhachis flagellator (Lambert et 

al., 2014) although the supraorbital crests are not as developed as the extreme 

maxillary crests in the extant Platanista gangetica which is one of the most 

asymmetric of all odontocete skulls (Smith, 2002). There is also marked skull 

asymmetry in the distantly related squalodelphinid, Notocetus vanbenedeni 

which also sits within the superfamily; Platanistoidea (Lambert et al., 2014; 

Bianucci, 2020).  

The best model fit, the óregimeô model (p < 0.001), assumes there is a distinct 

evolutionary regime for the most asymmetrical odontocete specimens 

(physeteroids, platanistids, and monodontids) indicating a single driver for 

their extreme asymmetry. We hypothesise that this óregimeô may be linked to 

the pressures which arise from inhabiting acoustically complex environmental 

niches. The physeteroids were the first of the major odontocete crown lineages 

to rapidly diverge and are easily recognisable due to a highly asymmetric facial 

region and supracranial basin (Marx et al., 2016a). Their large body size and 

hypertrophied nasal structures produce a low-frequency multi-pulsed sound 

(Madsen et al., 2002), which facilitates long range detection of prey (Jensen 

et al., 2018). This is highly advantageous when searching for patchy prey, 

especially as the physical properties of the water itself alter sound velocity and 

potentially constrain sensory morphology (Park et al., 2019). 

Platanista gangetica, the sole modern survivor of Platanistidae sits alone 

amongst river dolphins for having a highly asymmetric cranium and 

echolocating at broadband low frequency (BBLF). The unique, autapomorphic 

bony maxillary crests of Platanista may help achieve a higher directionality 

than expected for a cetacean that clicks nearly an octave lower than similar 

sized odontocetes (Jensen et al., 2013), a feature that would be useful in the 

turbid, cluttered rivers they inhabit. Other species in this highly asymmetric 

model include both monodontids; belugas (Delphinapterus leucas) and the 

narwhal (Monodon monoceros). Monodon remains the most asymmetric skull 

in the sample, even when the rostrum is removed (Ɇɟspec = 0.472) which rules 

out the possibility that the asymmetric tusk and residual teeth may be skewing 

the overall Ɇɟspec (see below for details). Their unique sound repertoire 

(narrowband structured, NBS) is ideal for projecting and receiving signals in 
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icy, shallow waters, where the animals can detect targets in high levels of 

ambient noise and backscatter (Turl and Penner, 1989) (Appendix 2: Table 

S2.8). Jumps detected in the delphinids all belong to the subfamily 

Globicephalinae (Fig. 2.8). In particular, the highly asymmetrical Globicephala 

(Table 2.3; Appendix 2: Table S2.9) has evolved a deep-dive pattern to target 

a deep-water niche occupied by large, calorific, and fast squid and its acoustic 

behaviour is more akin to deep divers than to oceanic delphinids (Aguilar Soto 

et al., 2008). The cochlea of Globicephala is also morphologically different to 

other delphinids (Park et al., 2019), which could also represent adaptation to 

the extreme acoustic environment of the deep ocean. Furthermore, studies 

suggest that Pseudorca (which also has a highly asymmetric cranium; Table 

2.3) echolocates with different vertical and horizontal plane patterns to other 

delphinids (Au et al., 1995).  

Surprisingly, no jumps or shifts are seen in the deep diving ziphiids (beaked 

whales), an odontocete family with bizarre asymmetrical premaxillary crests 

and an asymmetric prenarial basin (Appendix 2: Fig. S2.16). The asymmetry 

of the beaked whale skull is marked (Heyning, 1989; Baker, 2001; Rommel et 

al., 2005); so much so that the right premaxilla, premaxillary crest, premaxillary 

sac fossa, and the nasal bone are around 30% larger than those on the left 

(Rutherforde-Thorpe, 1938). Previous studies have suggested that the beaked 

whale genus Berardius (the most basal crown genus) shows the least bilateral 

asymmetry in the skull (Kasuya, 2009; Yamada et al., 2019), and we saw a 

similar result here. We attribute the underrepresentation of asymmetry in the 

ziphiid skull to the use of landmarks alone. Whilst detecting asymmetry in the 

shifting of the nasal, premaxilla, and maxilla to the left side of the skull, this 

method underrepresents the degree of asymmetry in the morphology of the 

bones themselves. The premaxilla is landmarked with points at the posterior 

dorsal premaxilla and the dorsal medial maxilla (suture with nasal and 

premaxilla) which accurately captures asymmetry in the positioning of the 

bone and its attachment but fails to capture the tapering of the highly 

asymmetric premaxillary crest itself (Appendix 2: Fig. S2.16). Future studies 

in this area should be done with curve sliding-semi landmarks and surface 

patches to more accurately capture the complex morphology (Bardua et al., 
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2019a) of the premaxillary crests and premaxillary sac fossae in ziphiids which 

are not represented using fixed landmarks alone.  

óRegime-splitô was the second-best model fit which had a significant effect (p 

< 0.01) on asymmetry in the cranium. This model suggests a different 

evolutionary regime for each of the most asymmetric groups. As above, it 

could be hypothesised that the highly asymmetric species live in unique, 

acoustically complex environments all of which have rather extreme specific 

environmental selection pressures. The reduction in the p-value after 

phylogenetic correction for the regime and regime-split models suggests that 

the factors influencing asymmetry may be shared by closely related taxa.  

Frequency of echolocation (model: óecho-freqô) also had a significant effect (p 

< 0.001) on the level of asymmetry in the cranium and was the third best model 

fit. Echolocation frequency has been widely suggested as a key driver of 

asymmetry in the cranium (Cranford, 1996; Fahlke et al., 2011) and soft 

tissues (Soldevilla et al., 2008). Although not the best model fit, we suggest 

that this relationship be investigated in more detail, for example with a more 

detailed analysis of species-specific echolocation frequencies and associated 

categories across Cetacea (Cranford, 1996). It is important to note that these 

methods assume a Brownian-motion model, which oversimplifies the actual 

evolutionary model underlying the evolution of asymmetry (shown here to be 

better described by an OU model).  

We found no support for several other potential drivers for observed patterns 

of cranial asymmetry, independent of phylogeny.  There is no significant effect 

of geologic age of the specimen (e.g., Eocene, Miocene, extant) on sum radii 

in the skull (p = 0.36). This result is likely because, despite odontocete crania 

becoming more asymmetrical in most extant families, mysticetes do not. There 

is no significant effect of ósuborderô (p = 0.21) on the total sum radii across the 

cranium. This is not surprising as there is generally a clear phylogenetic 

relatedness in whether a cetacean is symmetric (mysticete) or asymmetric 

(odontocete). Presence or absence of echolocation (model: óechoô) has no 

significant effect (p = 0.23) on the sum of radii in the cranium. Again, this is not 

surprising as there is a clear phylogenetic relatedness in whether a cetacean 
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can echolocate, i.e., the odontocete suborder, or not echolocate, i.e., the 

mysticete suborder.  

There is a small chance that skulls used in this study may be more 

asymmetrical, i.e., deformed or distorted, than a standard skull of the species 

and therefore this is represented in the placed landmarks and the resulting 

×pspec. Where possible, we chose skulls based on their overall quality and 

representation of the species. This was not possible for fossils which are often 

represented by one specimen, but deformed skulls were removed from the 

study so as not to falsely imply there is biological asymmetry in the skull when 

there is none. Further, the sex of the specimen may slightly alter the degree 

of asymmetry in the skull. Female false killer whales have a slightly more 

asymmetrical skull than males (Kitchener, 1990) and this may partially explain 

why the individual in this study appears to have a higher level of asymmetry 

than the other delphinids. However, the sex of this specimen (USNM 11320) 

is listed as unknown.  It is important to note that adult male narwhal exhibit an 

extreme form of asymmetry in the tusk and vestigial teeth (Nweeia et al., 

2009). The specimen in this study (USNM 267959) is female and therefore 

lacks a highly asymmetric tusk, however, the paired tusks embedded in the 

maxillae may still exhibit asymmetry (Nweeia et al., 2009) and may affect the 

overlying bone structure. This has not skewed the results seen here as the top 

6 landmarks of asymmetry in the Monodon skull are in the nasals and posterior 

premaxilla and maxilla (i.e., not the rostrum or anterior maxilla where 

imbedded tusks reside). Further, no landmarks were placed on tusks or teeth 

(see Methods (2.3): Manually placed landmarks (Fn)), which ensures that 

extreme asymmetry seen in some tusked species for example, 

Odobenocetops, is not captured in this study. The óskewô in Globicephala and 

monodontid skulls has also been attributed to some asymmetry in the 

attachment of the neck muscles (Ness, 1967); however, the asymmetry 

(Ɇɟland) in eight landmarks associated with the condyle and posterior cranium 

do not differ between Globicephala and the monodontids compared to other 

closely related species (e.g., Feresa attenuata and Peponocephala electra).  

Lastly, an argument against the hypothesis that echolocation drives 

asymmetry in the odontocete skull is that bats also echolocate and do not have 
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cranial asymmetry as the natural condition (Macleod et al., 2007). However, 

the extreme differences in the environments in which bats and cetaceans 

echolocate, as well as other ecological and morphological differences between 

the two clades complicates any meaningful comparison (Cranford et al., 2004). 

It should be noted that both odontocetes and bats share a remarkable 

convergence on narrow biosonar beams across species independent of body 

size (Jakobsen et al., 2013; Jensen et al., 2018), with the ability to do this in 

odontocetes likely a result of cranial asymmetry.  

With the most widely supported explanation of asymmetry being sound 

production, our results support the hypothesis that craniofacial asymmetry 

(along with concavity in the facial area, hypertrophied naso-facial muscles, air 

sacs, melon, and premaxillary sac fossa (Marx et al., 2016a) arose in 

odontocetes to support high-frequency echolocation. Further, echolocating in 

complex environments continues to be a primary factor driving the evolution 

of asymmetry in the odontocete skull, as supported by the independent 

evolutionary regimes for the most asymmetric odontocetes.  

2.8 Conclusions  

Our study represents the first comprehensive analysis of cranial asymmetry 

spanning the evolutionary history of cetaceans.  We demonstrate that the 

common ancestor of living cetaceans had little cranial asymmetry and thus is 

unlikely to have possessed the ability to echolocate. Odontocetes display 

increasing cranial asymmetry from the Oligocene to present, reaching their 

highest levels in extant taxa. Separate evolutionary regimes are supported for 

three odontocete clades (monodontids, physeteroids, platanistids) that inhabit 

acoustically complex environments, suggesting that echolocation and cranial 

asymmetry are continuing to evolve under strong selection in these niches. 

Surprisingly, no increases in asymmetry were recovered within the highly 

asymmetric ziphiids. We attribute this to the extreme, asymmetric shape of the 

premaxillary crests and sac fossae in these taxa not being captured by 

landmarks alone. 

Mysticetes have maintained a low level of cranial asymmetry since their origin 

and, if asymmetry reflects ultrasonic sound production ability, it is unlikely that 
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mysticetes were ever able to echolocate. Archaeocetes have a high level of 

asymmetry in the rostrum which could be linked to directional hearing, as 

reported by Fahlke et al. (2011), but this rostral asymmetry disappears in early 

neocetes as the dichotomous hearing abilities of the two suborders became 

established.  

Modelling the evolution of cranial asymmetry across living and extinct 

cetaceans recovered the highest probabilities of shifts in the trait at three main 

points: first, in the extinct odontocete xenorophids in the Early-Mid Oligocene, 

then in the physeteroids (Late Oligocene), and finally in the monodontids in 

the Late Miocene/Early Pliocene. Smaller shifts were found in the 

Squalodelphinidae and Platanistidae. This was also true for ójumpsô in the trait, 

with an additional jump in a branch of the delphinids (namely the 

Globicephalinae e.g., pilot whales and false killer whales). Additional episodes 

of rapid change were found in the Mid-Late Oligocene, a period of rapid 

evolution in cranial asymmetry in odontocetes. These results support studies 

suggesting that biosonar, the signature adaptation of odontocetes, and 

associated asymmetry were acquired at or soon after the origin of this clade 

(Geisler et al., 2014; Park et al., 2016; Churchill et al., 2018; Racicot et al., 

2019).  

 

 

 

 

 

 

 



 
 

126 
 

Chapter three 

Making waves: the rise and fall of cetacean evolutionary 
rates and disparity throughout their history 

 

 

óOn the whole, the most peculiar and aberrant of mammalsô 

 

George Gaylord Simpson on cetaceans 

(Simpson, 1945) 
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3.1 Abstract 

In just 8-12 million years, cetaceans (whales, dolphins, and porpoises) 

underwent one of the most profound changes in adaptive zone observed in 

mammals. Their evolution from land-dwellers to highly successful aquatic 

inhabitants is an exemplar of morphological change. The whale skull has not 

only adapted to an aquatic lifestyle but also evolved innovative mass filter 

feeding in the mysticetes (baleen whales) and echolocation in the odontocetes 

(toothed whales). However, to date, there has been little study spanning 

cranial morphological evolution across Cetacea. In this chapter, I used three-

dimensional geometric morphometrics to reconstruct evolutionary rates and 

disparity and to investigate ecological influences on morphology in the skulls 

of 201 living and extinct cetaceans.  

I found that throughout Cetaceaôs evolutionary history, there have been three 

key waves of diversification in the skull. The first wave of diversification is seen 

in the early-mid archaeocetes (early whales) which have some of the some of 

the highest evolutionary rates seen in cetaceans, mostly attributed to changes 

in the maxilla, frontal, premaxilla, and nasal. The second wave of 

diversification occurs at the divergence of the mysticetes and odontocetes 

(neocetes) around ~39-36 Mya. An increase in rates and disparity following 

the divergence, and in the proceeding years throughout the Oligocene, 

suggest that there were functional constraints early on in cetacean evolution 

that were overcome by the neocetes. The third wave of diversification is seen 

in the Miocene and is mostly an odontocete signal (~18-10 Mya). 

Across Cetacea, highest axes of shape variation are seen in the elongation of 

the rostrum and the positioning of the nares. Archaeocetes, mysticetes, and 

odontocetes occupy distinct areas of the morphospace likely driven by 

suborder-specific key innovations: echolocation in the odontocetes and 

baleen-filter feeding in the mysticetes. I found that diet and echolocation have 

the strongest influences on cranial morphology and that habitat, feeding 

method, and dentition have also shaped the morphology of the skull. 

Cetaceans with heterodont dentition, which includes the archaeocetes and 

early diverging neocetes have the highest rates while the later edentulous, 

filter-feeding baleen whales show some of the lowest evolutionary rates. 
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Disparity is lowest in the archaeocetes and high in the echolocating 

odontocetes, especially the suction feeders with reduced dentition such as the 

Ziphiids (beaked whales).  

Keywords: morphology, evolutionary rates, diversity, ecology 

 

3.2 Introduction  

The evolution of cetaceans (whales, dolphins, and porpoises) involves 

arguably the most extreme transition of any mammal lineage (Marx et al., 

2016a). From the four-legged landlubbers of ~50 million years ago to the fully 

aquatic behemoths we know today, cetaceans have evolved a wealth of 

different adaptations, including a hydrodynamic and streamline fusiform body 

(Jefferson et al., 2011). This transition to a fully aquatic lifestyle (Fordyce and 

de Muizon, 2001; Uhen, 2007) happened over an evolutionarily short 8-12 

million years (Thewissen, 2014; Marx et al., 2016a). Early cetaceans 

(archaeocetes) diverged from their terrestrial artiodactyl relatives (e.g., bovids, 

camelids) in the early Eocene, approximately 53 million years ago (Mya), and 

by ~ 41 Mya, the first fully aquatic forms had already appeared (Marx et al., 

2016a).  

Quickly thereafter, by ~39 Mya, the Neoceti, the clade that comprises modern 

whales and dolphins (Marx et al., 2016a), diverged, forming the two modern 

suborders: the baleen whales (mysticetes) and the toothed whales 

(odontocetes) (Marx and Fordyce, 2015). These two lineages can be 

differentiated even in early fossil representatives as their evolutionary paths 

quickly diverged.  Mysticetes later evolved large body sizes and 

specialisations such as baleen for several mass feeding strategies (Berta et 

al., 2016), while odontocetes evolved echolocation (biosonar) for navigation, 

hunting, and interaction with congeners (Geisler et al., 2014; Churchill et al., 

2016; Park et al., 2016). These two vastly different strategies have resulted in 

distinctive adaptations of the skull (Marx et al., 2016a), which, due to its 

morphological and functional complexity, is highly informative for 
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understanding and reconstructing cetacean biology and evolution (Marx 

2016a). 

3.2.1 The major clades of living and extinct whales 

Archaeocetes - invasion of an aquatic niche  

The archaeocetes, or ancient whales, are a paraphyletic assemblage (referred 

to here informally as a separate suborder) of stem cetaceans (Marx et al., 

2016a) that bridge the transition from terrestrial ancestors to fully aquatic 

cetaceans (Bianucci and Gingerich, 2011). The pakicetids (ca. 53-47 Mya, 

Indo-Pakistan; Thewissen, 2014), the earliest archaeocetes, has nasals 

towards the tip of the snout (like terrestrial artiodactyls) (Clementz et al., 2006) 

and were capable of normal terrestrial locomotion. They had also already 

begun to adapt to an aquatic lifestyle, subsisting on freshwater prey (Clementz 

et al., 2006), and evolving pachyosteosclerotic tympanic bulla (surrounding the 

external part of the ear canal) that clearly identify them as cetacean (Uhen, 

2007). By ~48 Mya, the next wave of archaeocetes, the protocetids, had 

already rapidly diversified and spread to North Africa and North America 

(Thewissen and Williams, 2001; Marx et al., 2016a). They were increasingly 

aquatic, with a weak sacrum indicating that their terrestrial abilities were limited 

(Gingerich et al., 1994). By the late Middle Eocene, one of the last radiations 

of archaeocetes, the basilosaurids, was fully aquatic and as widespread as 

New Zealand, South America, and Antarctica (Marx et al., 2016a). Within a 

short evolutionary window, cetaceans had undergone huge morphological and 

physiological changes to adapt to a fully aquatic lifestyle (Thewissen, 2014). 

The advent of the Neoceti saw further major transitional changes for Cetacea, 

which may have led to competition with and eventual decline of archaeocetes. 

By the Eocene-Oligocene boundary (~ 34 Mya), all but one archaeocete 

families (the kekenodontids), had disappeared.  
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Arrival of the neocetes  

The bones in the neocete skull are visibly shifted posteriorly compared to the 

earliest archaeocetes (Fahlke and Hampe, 2015), for which no overlapping of 

the frontals or maxillae has been documented (Fahlke et al., 2011). Although 

a posterior shifting of the nasals arose prior to the origin of the neocetes 

(Churchill et al., 2018) and can be seen in the later archaeocete basilosaurids, 

it is much more advanced in the crownward cetaceans. Even so, telescoping 

(so called because of the way the bones óslideô over each other as does a 

collapsible telescope; Miller 1932; Churchill et al., 2018) is considered to be 

one of the defining characteristics that separates the neocetes from the 

archaeocetes (Berta et al., 2014; Roston and Roth, 2019). This shifting results 

in a foreshortening of the posterior skull and accommodates easier breathing 

at the waterôs surface (Heyning and Mead 1990; Klima 1999; Churchill et al., 

2018), an important adaptation for an increasingly aquatic lifestyle. It is also 

thought that this retrograde cranial telescoping provides bracing and support 

for an elongated rostrum in the odontocetes (Miller, 1923) and later, prograde 

telescoping likely helped accommodate the evolution of mass filter-feeding 

and mass engulfment in the mysticetes (Berta et al., 2014).  

Mysticetes ï baleen and mass filter feeding  

Mysticetes first appeared in the latest Eocene (Marx et al., 2016a; Lambert et 

al., 2017a; Pyenson, 2017), and the evolution of the mysticetes is becoming 

increasingly well documented by the discovery of numerous transitional taxa, 

little differentiated from the archaeocetes (e.g., Mystacodon (Lambert et al., 

2017a) and Coronodon (Marx and Fordyce, 2015; Geisler et al., 2017; 

Churchill et al., 2018).  Mystacodon selenensis is currently the earliest known 

mysticete (36.4 Mya) (Lambert et al., 2017a) and already had several 

characteristics that define it as a mysticete (Lambert et al., 2017a), including 

a dorsoventrally flattened rostrum and a posterior extension of the palate. 

However, early mysticetes retained the ancestral toothed condition, and the 

dental formula of Mystacodon was much like that of basilosaurids (Lambert et 

al., 2017a). The broad-based flattened rostrum of toothed mysticetes 

appeared around 35 Mya (Fitzgerald, 2006). Marx et al. (2016b) suggest that 

a transition from raptorial to baleen filter feeding was mediated by suction 
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feeding in the aetiocetids, the most crownward of the toothed mysticetes. 

Peredo et al. (2017) suggest that the timing of the origin of baleen, although 

remaining obscure due to the fact that keratin does not fossilise well, is likely 

sometime between the latest Eocene (~ 34 Mya) to the latest Oligocene (~23 

Mya). Tsai and Fordyce (2018) propose that the full transition from teeth to 

baleen probably occurred in the Early Oligocene. Fossil evidence suggests 

that the advent of baleen, or its precursor, coincided with an increase in marine 

primary productivity and ocean upwelling (Marx et al., 2016a; Marx et al., 

2016b).  

The wide, flat shape of the skull in extant balaenopterids (rorquals), and many 

extinct members of Cetotheriidae, Pelocetidae, Tranatocetidae (Miocene and 

Pliocene mysticetes all represented in this study) and others, facilitates easy 

intake of vast quantities of prey and water (Werth, 2000a). As noted above, 

mysticetes display extensive cranial telescoping which has also radically 

altered the skull. First observed in the late Early to Late Oligocene (Marx et 

al., 2016a), telescoping in mysticetes is dominated by a forward movement of 

the posterior cranial elements, referred to as prograde cranial telescoping 

(Miller, 1923; Churchill et al., 2018). Importantly, significant telescoping is not 

clearly evident in the mysticetes until the chaeomysticetes, or toothless ótrueô 

mysticetes of the late Early-Late Oligocene (Marx et al., 2016a; Tsai and 

Fordyce, 2018), and it may be linked to the evolution of filter feeding (Berta et 

al., 2014), which was not present in the earliest diverging mysticetes. More 

crownward mysticetes are characterised by their unique mass filter and bulk 

feeding strategies. Feeding with baleen comes at high energetic cost but is 

evidently so successful that it has enabled extant mysticetes to be so 

competitively advantaged that they have reached the extreme maximum body 

size observed in mammals (Goldbogen et al., 2017). 

Odontocetes ï echolocation 

Unlike the early mysticetes which retained many archaeocete features in the 

cladeôs infancy, the odontoceteôs defining adaptation, echolocation, was 

present even in their earliest representatives (Geisler et al., 2014: Fordyce and 

Marx, 2018). However, the antiquity of the mysticetes does suggest that there 
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is likely a currently unknown Eocene odontocete lineage (Lambert et al., 

2017a; Pyenson, 2017; Churchill et al., 2018) which could contain species 

more intermediate between the archaeocetes and odontocetes. Simocetus 

rayi is currently the oldest known odontocete (~ 33.9 Mya: Fordyce, 2002). 

Like other early odontocetes it retained a set of primitive features, the most 

obvious of which is heterodonty and relatively far anteriorly placed nasals 

(Fordyce, 2002). However, the skull structure and shifted positioning of cranial 

bones in Simocetus indicates that it may have had the same soft facial tissues 

that extant odontocetes have. Firstly, this sets the odontocetes apart from the 

archaeocetes and early mysticetes and secondly, bony rostral asymmetry is 

suggestive of soft tissue asymmetry (Mead, 1975) associated with the ability 

to produce high frequency sound (echolocate) (Fordyce, 2002).  

The evolution of echolocation has resulted in odontocetes having one of the 

most radically altered skulls of any mammal. Interestingly, as with 

echolocation, retrograde cranial telescoping and asymmetry in the naso-facial 

region were already present to a modest degree in the earliest known 

odontocetes (Xenorophidae, Patriocetidae, Simocetus, Agorophius) (Churchill 

et al., 2018; Coombs et al., 2020) and asymmetry and echolocation are most 

likely synchronous with one another. These skull adaptations further set 

odontocetes apart from most other mammals which have bilateral symmetry 

in the skull. Throughout odontocete evolution, asymmetry has become more 

extreme in the crown cetaceans and is possibly linked to idiosyncrasies of 

specific ecological pressures (Coombs et al., 2020). Telescoping is also more 

extreme in the later diverging odontocetes and is dominated by the posterior 

expansion of anterior cranial elements (Miller, 1923) such as the frontals and 

maxillae (Churchill et al., 2018).  

Although these features are present in the earliest representatives of the 

suborder, the early odontocetes do retain some archaeocete characteristics, 

such as heterodont dentition seen in the Early Oligocene Xenorophidae, 

Patriocetidae, and Simocetus (among many others). Thereafter, the Late 

Oligocene/Early Miocene squalodontids become moderately polydont but still 

evidently heterodont (Marx et al., 2016a). In crown cetaceans, dentition is 

either polydont in the (predominantly) raptorial feeders (e.g., delphinids) or 
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reduced or entirely absent in the suction feeders (e.g., monodontids, 

mesoplodonts). Not only do extant odontocetes showcase a diversity of 

feeding adaptations, they also show a diversity and range of cranial 

morphologies. Echolocation in the odontocetes, its evolution and 

advancement have likely been a key driver of this diversity (Marx et al., 2016a). 

For example, the Ganges river dolphin (Platanista gangetica) has 

autapomorphic bony maxillary crests which may help achieve a higher 

directionality when echolocating in turbid, murky rivers (Jensen et al., 2013). 

It also has a marked shift in echolocation frequencies and an extreme, 

elongated rostrum bearing numerous needle-like teeth to assist with raptorial 

snapping (Marx et al., 2016a). This is just one of many examples showing how 

adaptations to ecological conditions: water turbidity, prey type, have 

influenced cranial morphology in odontocetes.  

3.2.2 Drivers of cetacean cranial evolution 

Clearly, a functional requirement to breathe easily at the waterôs surface is a 

key driver in cetacean naso-facial morphology. In the odontocetes, cranial 

morphology is further influenced by the ability to echolocate, whilst in the 

mysticetes this is driven by functional requirements of the skull for suction and 

mass filter feeding. There are also other ecological drivers and constraints on 

whale skull morphology. A study investigating convergent evolution in 

crocodilian and cetacean skulls (McCurry et al., 2017a) suggests that the high 

convergence between dolichocephalic gharials and odontocetes might be due 

to directional selection from ecological factors such as habitat and diet 

(McCurry et al., 2017a). McCurry et al. (2017a) found that diet was more 

closely associated than habitat in elongate skulls with long mandibular 

symphyses (characteristics associated with river dolphins). The impact of diet 

and feeding strategy is also evident in the extremely broad, brachycephalic 

rostrum of the kogiids, adapted to produce high suction forces (McCurry et al., 

2017a), suggesting that that there are trade-offs between skull morphology 

and function. Skulls must be able to handle forces associated with catching 

prey in their upper size limits but must also be streamlined and hydrodynamic 

(McCurry et al., 2017a). Studies have suggested that these trade-offs may 
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explain why there is so much variation in the rostra of marine tetrapods 

(Busbey,1995; McHenry et al., 2006; McCurry et al., 2017a). 

Within odontocetes, there is considerable variation in rostrum form, from 

elongation and narrowing of the rostra in raptorial predators of small prey (e.g., 

Delphinus), toward wider skulls with downward-orientated rostra in suction 

feeders (e.g., Globicephala), and shorter, broader skulls and enlarged 

temporal fossae in species such as the orca which handle larger prey (Orcinus 

orca) (Galatius et al., 2020). This variation reflects an identified relationship 

between prey size and odontocete skull shape (McCurry et al., 2017b, Galatius 

et al., 2020). In comparison, far less work has focused on the ecological 

influences on cranial shape in mysticetes. The size of the skull is thought to 

differentiate between rorquals that feed on small fish or krill, with smaller, more 

agile balaenids such as minke whales (Balaenoptera acutorostrata) tending to 

select faster moving small fish over slow, dense krill patches (Murase et al., 

2007; Goldbogen et al., 2010). Much work has been done investigating 

engulfment capacity (Goldbogen et al., 2010), drag and kinematic diversity 

(Goldbogen et al., 2007; Cade et al., 2016; Goldbogen et al., 2017) and other 

such feeding mechanism functioning in extant rorquals, but little work has 

considered ecological influences. 

Previous work on mysticete and all neocete diversity has suggested that bursts 

of evolution follow the origination of the major clades, coincident with Cenozoic 

ocean restructuring which in turn affected climate, ocean circulation, and 

ocean productivity (Steeman et al., 2009; Marx and Uhen, 2010; Marx and 

Fordyce, 2015). Additional work has been done regarding the radiation of 

modern neocetes, suggesting that morphological evolution - specifically body 

size, can retain a signature of early niche filling despite evidence for secondary 

radiations (Slater et al., 2010). Further studies suggest that cetacean evolution 

in general may follow a pattern of rapid niche filling (Lipps and Mitchell, 1976) 

and later, an explosive radiation of crown cetaceans during the Oligocene 

(Slater et al., 2010; Pyenson, 2017). 

To date, work on cetacean macroevolution has largely focused on one or the 

other suborders, or on radiations and diversification in the neocetes (Steeman 
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et al., 2009: Marx and Uhen, 2010). These studies of cetacean diversity have 

used body size metrics (e.g., average female body length in Slater et al. 

(2010)) molecular data (Steeman et al., 2009), or whole-body discrete 

morphological and molecular characters (Marx and Fordyce, 2015) but not 

multivariate morphometric data, nor with a focus on the cranium. The skull is 

the most informative part of the cetacean skeleton because of its inherent 

complexity and because most of the bones that comprise the skull have 

become modified in some way throughout cetacean evolution (Marx et al., 

2016a). Furthermore, the cranium is a complex structure which serves diverse 

functional roles, from feeding, breathing, housing the brain, nervous system, 

and sensory structures, to interacting with the environment. However, there 

has not yet been a comprehensive analysis of the macroevolution of the 

cetacean skull or the relative influences of diet, habitat, and other factors on 

its evolution. Furthermore, there has been no study of evolutionary rates and 

disparity (morphological diversity) throughout their entire evolutionary history.  

Here I reconstruct the drivers of shape variation, disparity, and evolutionary 

rate in the cetacean cranium throughout their evolutionary history for the first 

time. I present the largest 3D scan data set ever gathered for Cetacea, 

spanning their evolutionary history from the Eocene to Recent with 88 living 

species (representing ~ 95% of extant cetacean species; Jefferson et al., 

2011) and 113 fossil species. From these scans I extract 3D geometric 

morphometric data and use these to quantify morphology, disparity, and 

evolutionary rate of the cetacean cranium in unprecedented detail to address 

the following questions: 

First, how do cranial evolutionary rates and disparity vary throughout cetacean 

evolutionary history? Second, do cranial evolutionary rates and disparity vary 

between the suborders, both in the whole skull and in individual bones? Third, 

do dentition (tooth type), diet, feeding method, prey detection (i.e., the ability 

to echolocate), and habitat influence skull shape, rates, or disparity?  
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3.3 Methods  

3.3.1 Specimens 

My data set comprises stem cetaceans (archaeocetes, n = 11), and both 

extant suborders: baleen whales (mysticetes, n = 33) and toothed whales 

(odontocetes, n = 157). The final data set includes 201 cetacean crania, of 

which 113 (56%) are extinct, ranging in age from 48.6 Mya to 2.59 Mya. I 

selected specimens to cover the widest possible phylogenetic spread, 

representing 41 families, 122 genera, and ~95% of extant species from the 

Eocene to the present (Appendix 3, Table S3.1).  

Due to the use of 3D geometric morphometric data covering the entire 

cranium, sampling was limited by specimen completeness and preservation.  

Inclusion of fossil specimens was determined by the extent of deformation and 

missing data. 87 (43%) of the specimens, including some extant specimens, 

had missing data, which was concentrated in the pterygoid, palate, jugal, 

squamosal, and tip of the rostrum (this had minimal impact on data collection 

as was dealt with accordingly, see óMissing bonesô). Where possible, we chose 

skulls based on their overall quality and representation of the species. This 

was not possible for fossils which are often represented by one specimen. 

Deformed skulls were removed from the study (Appendix 3, Table S3.2). 

Sexual dimorphism was not considered in this study as many fossils lack data 

on sex. Specimens with sex data were selected based on completeness of the 

skull and skull availability.  All specimens are adults except for Mesoplodon 

traversii (NMNZ TMP012996) which is a sub-adult. 

I scanned skulls using a Creaform Go!SCAN 20 or Creaform Go!SCAN 50 

handheld surface scanner, depending on the size of the skull.  Scans were 

initially cleaned, merged, and exported in ply format using VXElements v.6.0, 

and further cleaned and decimated in Geomagic Wrap software (3D Systems). 

I decimated models down to 1,500,000 triangles, reducing computational 

demands, while retaining sufficient detail for morphometric analysis. In many 

morphometrics studies, it is possible to digitally reconstruct bilateral elements 

by mirroring across the midline plane if the skull (or object) is preserved on 

one side (Gunz et al., 2009; Gunz and Mitteroecker, 2013; Cardini et al., 2014). 
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Due to a natural asymmetry occurring in the archaeocete and odontocete skull 

(Fahlke et al., 2011; Coombs et al., 2020), I limited mirroring to marginally 

damaged bones or easily mirrored missing bones only, where it was clear that 

mirroring would not mask asymmetric morphology. Elements were mirrored 

using the ómirrorô function in Geomagic Wrap (3D Systems).  

3.3.2 Morphometric data collection 

I placed 123 landmarks and 124 curve sliding semi-landmarks over the surface 

of every skull in Stratovan Checkpoint (Stratovan, Davis, CA, USA). I used the 

ósingle pointô option to add fixed landmarks, and the ócurveô option to add semi-

landmark curves (Appendix 3, Fig S3.1). Landmarks were defined by Type I 

(biology) and Type II (geometry) (Bookstein, 1991; Bookstein, 1997) and were 

chosen to capture clear definitions e.g., tripartite sutures. Sliding semi-

landmark curves (hereafter also termed ócurvesô) define key structures such 

as the margins of bones and anatomical ridges, representing a significant 

increase in shape capture compared to landmark-only data sets (Bookstein, 

1997; Bardua et al., 2019a). Sliding semi-landmarks have been used 

successfully to quantify a vast array of organismal morphology, including beak 

shape (Cooney et al., 2017) and cranial morphology (Bardua et al., 2019b, 

Felice et al., 2020). Their use expands the quantification of shape to include 

the morphology of outlines (e.g., bone margins) and ridges (Cooney et al., 

2017; Bardua et al., 2019b). Dentition was not landmarked. The sliding semi-

landmark curve and landmark configuration for this data set is detailed in 

Appendix 3 Table S3.3; S3.4 and Fig. S3.1; S3.2; S3.3.  

Archaeocetes have prevalent asymmetry in the rostrum and in the squamosal, 

jugal, and orbit, and although some of this may represent preservational 

deformation, it is likely that a significant amount of it is biological (Fahlke et al., 

2011; Coombs et al., 2020). Asymmetry in odontocetes is predominant in the 

naso-facial region, whilst mysticetes show a high degree of symmetry, similar 

to terrestrial artiodactyls (Fahlke and Hampe, 2015). Due to these differences 

in asymmetry among suborders, I modified my landmarking protocol for 

bilaterally symmetrical skulls vs. asymmetric skulls. The differences in 

methodology regarding asymmetry (or lack thereof) between the suborders 
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required manually placing some landmarks and curves in asymmetrical taxa 

that could be mirrored in symmetrical taxa, as detailed below. However, the 

resulting data set is identical in terms of landmarks and curves across all 

suborders, allowing unified analyses across the whole of Cetacea (Fig. 3.1).  

Placing landmarks on bilaterally symmetrical skulls 

A separate protocol was devised for the bilaterally symmetrical mysticetes 

(Fig. S3.2). I placed 57 landmarks on the left-hand side (LHS) of the skull and 

nine landmarks on the midline. I placed 60 sliding semi-landmark curves on 

the sutures between bones on the LHS of the skull and four curves on the 

midline. These curves and landmarks were then mirrored (using the midline 

landmarks and curves as an anchor) using the mirrorfill  function in the R 

package ópaleomorphô v.0.1.4 (Appendix 3, Fig. S3.1; S3.2).  

Placing landmarks on asymmetric skulls 

A separate protocol was required for the archaeocetes and odontocetes (the 

latter in particular) due to their significant bilateral asymmetry. Simply mirroring 

all sliding semi-landmark curves would misrepresent the asymmetric 

morphology of the skull (Coombs et al., 2020). I used the results from Chapter 

2 (Coombs et al., 2020) to determine which of the bones in the skull were 

asymmetric and thus requiring manual landmarking and which were 

equivalently symmetrical to terrestrial taxa and could be reliably placed by 

mirroring bilaterally symmetric landmarks across the skull midline. I placed 57 

landmarks on the LHS of the skull and nine landmarks on the midline. I 

mirrored 33 landmarks to symmetrical bones on the right-hand side (RHS) of 

the skull and I manually placed 24 landmarks on asymmetric bones on the 

RHS of the skull, totalling the same number of landmarks as in the mysticetes. 

I manually placed 60 curves on the sutures between bones on the LHS of the 

skull and four curves on the midline (Fig S3.3). I manually placed 21 curves 

on asymmetrical bones on the RHS, mostly concentrated in the nasals, dorsal 

premaxilla, dorsal maxilla, orbit and rostrum, and the rest were mirrored from 

the LHS (Fig. S3.3).   
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[Figure on this and previous page] 

Fig. 3.1. Landmark and curve configuration for the cetacean skull. Landmarks and 

curves are shown on Delphinus delphis AMNH 75332. Dorsal (top), ventral (middle), 

posterior (bottom). Coloured bones match the colours of the landmarks and semi-

landmark curves to help illustrate placement.  

 

Resampling and sliding 

Due to the manual placement of semi-landmarks in Stratovan Checkpoint, 

there are not always the same number of points in each curve across 

specimens, and the points are not evenly spaced along the curve. I resampled 

semi-landmark curves to a consistent number with even spacing along each 

curve across specimens. I set semi-landmark numbers to appropriately 

capture curve shape across the full range of skull shapes (Table S3.4), for 

example to provide suitable sampling of the most dolichocephalic rostra, but 

to not oversample the most brachycephalic rostra (Table S3.4; Fig. S3.4). 
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Resampling also helped to reduce computational requirements during 

analyses. I then slid resampled semi-landmarks along tangents to minimize 

thin-plate spline bending energy between specimens and the mean shape, 

resulting in semi-landmark positions that are geometrically homologous across 

specimens (Gunz et al., 2005; Bardua et al., 2019a). Following sliding, all 

morphometric data were subjected to Procrustes superimposition to remove 

shape variation associated with differences in orientation (both rotation and 

translation) and isometric size (Rohlf and Slice 1990).  

Missing and variably present bones 

Geometric morphometric analyses and plotting functions implemented in 

geomorph v.3.1.0 (Adams et al., 2019) require a full complement of landmarks 

(Adams et al., 2019). This complement can consist of actual landmarks and 

estimated positions for ómissingô landmarks. I dealt with missing bones in the 

following way:  

Missing bones  

This refers to bones that should be present but have subsequently broken off 

or been damaged and could not be reliably digitally reconstructed or mirrored. 

To estimate positions for landmarks on missing bones, I placed ómissingô 

landmarks as close to the missing structure as possible and then marked it as 

a ómissing landmarkô in Checkpoint, which automatically assigns a coordinate 

of ī 9999. 

I then used the fixLMtps  command from the R package óMorphoô (Schlager, 

2017) to estimate missing landmarks by mapping weighted averages from 

three similar, complete configurations onto the missing specimen. Missing 

landmarks are estimated for missing bones by deforming a sample average or 

a weighted estimate of the three skull configurations most similar to that with 

the missing element (Schlager, 2013; Schlager, 2017). Estimated landmarks 

are then added to the deficient configuration (Schlager, 2017). The 

deformation is performed by a thin-plate-spline interpolation calculated by the 

available landmarks (Bookstein, 1991; Schlager, 2017).  
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Variably present bones 

Cetaceans, despite huge variability and change in skull shape across their 

evolution and within extant suborders, retain all the bones of typical mammals 

with just a few exceptions. In Odobenocetops, a bizarre walrus-like whale from 

the Pliocene of Peru, the maxilla does not extend ventrally, and thus must be 

allocated as óabsentô in ventral view. Further, the nasals are absent in Kogiidae 

(Velez-Juarbe et al., 2015; Collareta et al., 2017; Benites-Palomino et al., 

2019), represented here by fossil species Aprixokogia kelloggi, Koristocetus 

pescei (Collareta et al., 2017), Scaphokogia totajpe and extant species Kogia 

simus and Kogia breviceps. These absent bones were coded as such for these 

specimens by placing all relevant landmarks and semi-landmarks onto a single 

ñzero-areaò point, adjacent to its position in other taxa, following the method 

described by Bardua et al. (2019a). 

3.3.3 Size 

I extracted log centroid size of the cranium from shape data during Procrustes 

superimposition and used it as a proxy of overall size (Appendix 3, Table 

S3.5). 

3.3.4 Ecology  

Given the breadth of species in this data set, as well as inevitable uncertainties 

on ecology and life history for many rarer species, and the need for a minimum 

of five species in each bin for statistical analyses, we used relatively broad 

categories to capture diet and habitat. I focused on ecological categories 

relevant to cranial functions, including feeding and sensory structures, as 

follows:  

Dentition 

I divided dentition into four categories: homodont, heterodont, reduced, and 

edentulous (baleen). I used data from the primary literature, as well as 

categories established in previous studies (Hocking et al., 2017a, b; Berta and 

Lanzetti 2020) (Appendix 3, Table S3.1). 
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Diet 

I divided diet into five categories: ófishô, óbenthic invertebrates + fishô, 

ócephalopods + fishô, ótetrapods +fishô, and ózooplankton + fishô. In the latter 

four categories, fish make up a substantial, but minority component of the diet 

whereas the first prey item forms the majority of the diet. I used data from the 

primary literature, as well as categories established in previous studies 

(Hocking et al., 2017a, b; Berta and Lanzetti 2020) (Appendix 3, Table S3.1).  

Echolocation ability 

Echolocation is a known key driver of morphology in the odontocete cranium 

(Cranford et al., 1996; Fahlke et al., 2011; Coombs et al., 2020). I split 

echolocation ability into two categories: band1, all non-echolocating cetaceans 

(archaeocetes and mysticetes), and band2, echolocating cetaceans (all 

odontocetes apart from Odobenocetops; de Muizon et al., 2002; Marx et al., 

2016a). I assigned species to categories depending on whether they are 

known to echolocate or not, based on data from the primary literature 

(Appendix 3, Table S3.1). I scored fossils based on species-specific 

reconstructions in the literature.  Although finer categories are possible, they 

bring substantial uncertainty in scoring, particularly with fossil data.   

Feeding method 

I divided feeding method into three categories: biting, suction, and filter 

feeding. I used data from the primary literature for extant taxa, as well as 

reconstructions for fossil taxa from published studies (predominately Hocking 

et al. (2017a, b) and Berta and Lanzetti (2020), see Appendix 3, Table S3.1 

for individual references). As with the other traits, complex behaviours 

associated with feeding are difficult or impossible to establish for fossils and 

thus finer categories are not considered in this study. Where possible 

specimens were categorised by feeding method and diet based on Hocking et 

al. (2017a, b) which does consider dietary behaviour and handling of prey. 

Hocking et al. (2017a, b) rely entirely on model experimental and observational 

data to build their framework. This is beneficial because it allows behaviour 

that does not fossilise to be included and allows inferences from the fossil 

record to be tested (Hocking et al., 2017a, b).  
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Habitat 

I divided habitat into four categories: riverine (freshwater), coastal, coastal-

pelagic, and pelagic. I used data from the primary literature, as well as 

categories established in previous studies (Berta and Lanzetti 2020) 

(Appendix 3, Table S3.1). Data for fossil taxa were taken from the literature 

(predominantly Berta and Lanzetti (2020)), details can be found in Appendix 

3, Table S3.1.  

3.3.5 Phylogeny  

My study uses a phylogenetic framework to reconstruct macroevolutionary 

patterns across Cetacea. I used the same tree with the same modifications as 

in Chapter 2 (adapted from Lloyd and Slater (2020)) and added the following 

specimens: Hemisyntrachelus oligodon (SMNK-PAL 3841) was placed is the 

same genus as Hemisyntrachelus cortesii (Post and Bosselaers, 2005), 

MUSM 605 and MUSM were ascribed to the subfamily, Lophocetinae as sister 

taxon to Macrokentriodon (Molina et al., 2018). Yaquinacetus sp. (USNM 

214705) was placed in the Squaloziphiidae as in Lambert et al. (2018), near 

to the Chilcacetus clade which includes Chilcacetus cavirhinus (MUSM 1401) 

(also in this study). Finally, I placed Scaphokogia totajpe in the same genus 

as Scaphokogia cochlearis as in Benites-Palomino et al. (2019) (Appendix 3; 

Fig. S3.5).  

3.3.6 Data analyses  

Morphology of the skull 

I ran a principal component analyses (hereafter, PCA) on the Procrustes-

transformed morphometric data to assess the primary aspects of shape 

variation and morphospace occupation for the cranium. A PCA is a method 

often used in geometric morphometric analyses to reduce the dimensionality 

of large data sets by transforming a large set of variables, via a series of 

ordinations, into a smaller one that still contains most of the morphometric 

information. I conducted a PCA using the ógm.prcompô function in the R 

package ógeomorphô v.3.3.1 (Adams et al., 2020).  
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Morphologies representing the extreme shapes along the principal component 

(PC) axes were generated to visualise shape variation. I corrected data for 

phylogeny by conducting a phylogenetic principal component analyses to 

visualise shape variation after accounting for phylogenetic non-independence. 

Phylogenetic PC scores (hereafter, pPC scores) representing 95% of the total 

variation were extracted and used in further analyses where data 

dimensionality prevented use of Procrustes coordinates for the full data set. I 

calculated pPC scores using the óphyl.pca ô function in the R package 

óphytoolsô v.0.7-70 (Revell, 2012). In highly dimensional data sets like this one 

(where resampled specimens still had 2028 coordinates over each skull 

surface), reducing the data to its principal components (PCs) means that 

simulations can be run on a reduced set of axes, reducing computational 

demands (Clavel and Morlon, 2020). Using pPC scores, although less ideal 

than considering all traits, is a better alternative than distance approaches 

which cannot accommodate departures from Brownian motion (Clavel and 

Morlon, 2020). Raw pPCscores for all cetaceans, and separately for 

archaeocetes, mysticetes, and odontocetes are shown in Appendix 3; Table 

S3.6; S3.7; S3.8; S3.9.  

Allometry 

I used the procD.lm  function in geomorph to investigate whether allometry 

(size-related shape variation) was a significant aspect of overall variation in 

skull shape across Cetacea.  

Patterns of Cranial Evolution 

Rates of cetacean cranial evolution through time  

I investigated branch-specific evolutionary rates and rates through time using 

BayesTraitsV3 (http://www.evolution.rdg.ac.uk/). I ran analyses for the entire 

skull and for individual bones, using (pPC) scores that represent 95% of the 

shape variation for the relevant structure (Appendix 3, Table S3.6). I ran 

models under several assumptions to find the best model fit. These models 

were a Brownian Motion model (BM), a kappa model (a measure of punctuated 

evolution), a delta model (indicating an increase or decrease in the rate of 

evolution through time such as an óearly-burstô model), a lambda model (a 

http://www.evolution.rdg.ac.uk/
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measure of phylogenetic signal in which the shared history of taxa drives trait 

distribution at the tips (Pagel 1997; 1999), and an Ornstein-Ulenbeck model. I 

also ran all models with variable rates making a total of 10 models.  

I ran the following analyses with each of the above model assumptions. I ran 

a reversible-jump Markov Chan Monte Carlo (MCMC) algorithm which 

permitted fitting of both single and variable rates models. The latter allows the 

rate of change to vary through time, automatically detecting shifts in rates of 

evolution. I ran several chains and assessed for convergence of the chains by 

first visually assessing the trace plots and then checking the effective sample 

size (ESS) with Gelman and Rubinôs diagnostics (Gelman and Rubin, 1992; 

Gelman, 2006), using the óeffectiveSize ô and ógelman.diag ô functions 

implemented in the R package ócodaô v.0.19-4 (Plummer, 2006). If the runs 

had not converged successfully, longer MCMC chains were run. I ran each 

model for 100-500 million iterations. Convergence was achieved using 200 

million iterations and a burn-in of 20 million, sampling every 20,000 iterations 

for the whole skull data set and all bones. A stepping-stone sampler was used 

to estimate marginal likelihood for each model (Xie et al., 2011), setting 500 

stones to each run for 5000 iterations, with results processed using 

BTProcessR (Ferguson-Gow, 2020). 

The best model fit was the lambda model with variable rates (lambda_var) 

(Venditti et al., 2011) which was chosen by comparing the marginal likelihoods 

of each of the models using the Bayes Factor and the óBTprocessRô package 

in R (Ferguson-Gow, 2020) (Appendix 3, Fig. S3.6, Table S3.10). Trace plots 

and Gelman and Rubin diagnostics are shown for the lambda_var model 

(Appendix 3, Fig. S3.7; Table S3.11).  

I processed outputs from the lambda model with variable rates using 

BTRTools (Ferguson-Gow, 2020) and combined them with a tree topology 

using the R package ótreeioô (Wang et al., 2020). Rate shifts with posterior 

probabilities > 0.6 and branch-specific rates were visualised for the best 

supported model. I estimated the average evolutionary rates through time for 

the whole cranium across Cetacea, and for each suborder, and for each 

cranial bone across Cetacea and for each suborder. These were visualised 
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using the rttplotter  function and the mytreebybranch  function from Felice 

(2021). Finally, mean log rates per family were also plotted using the rjpp  

output from BayesTraits. Several specimens are categorised as óincertae 

sedisô as they have not yet been formally assigned to a family and thus, they 

were not included in the plots showing family rates (Appendix 3; Table S3.1).  

Finally, I used the output from the BTRTools to build density plots to compare 

evolutionary rates between suborders and families using methods from Felice 

(2021).  

 

Evolutionary Rate by Clade  

I calculated the rate of morphological evolution in each bone in the skull for 

each of the suborders, again using pPC scores that represented 95% of the 

shape variation for the whole cranium. I used stochastic character mapping 

and the ómake.simmapô function with an óARDô model in phytools to reconstruct 

ancestral state and transition histories across a sample of 100 simulated trees. 

Simmap sampling works by running simulations and then averaging the results 

at the nodes to obtain ancestral states, allowing for a more robust model which 

considers multiple possible outcomes of reconstructed history and provides 

information on uncertainty. I then used the ópaintAllTr eeô function, soon to 

be added to the R package ómvMORPHô (Clavel et al., 2015) to reconstruct 

the marginal ancestral state reconstructions from the sample of simulated 

trees. I summarised the evolutionary histories on all the simmap trees to obtain 

one reconstructed ancestral history on which I then fitted my morphometric 

data models. I applied the state-specific Brownian Motion (BMM) model in the 

ómvglsô function in mvMORPH v.1.1.4 (Clavel et al., 2015) with the option 

óerror = TRUE ô to mitigate sources of evolutionary rates inflation, including 

departures from Brownian Motion. This flexible approach also assesses model 

fit by jointly estimating the contribution of measurement error and any intra-

specific variation (Bardua et al., 2021: in review).  
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Disparity by Clade  

I calculated disparity (Procrustes variance) for each of the bones and for the 

whole skull for each of the suborders and for Cetacea as a whole using the 

ómorphol.disparity ô function geomorph (Adams et al., 2020). To directly 

compare across bones, I scaled total disparity by the number of landmarks 

and semi-landmarks for each bone.  

To further illustrate disparity in the skull, I used the R package ólandvRô v.0.4 

(Guillerme and Weisbecker, 2019) to calculate the Procrustes distance from 

the mean skull shape for a selection of key families. I plotted these results so 

that landmark colours are proportional to the Procrustes distances from the 

mean shape of all Cetacea, allowing clear indication of regions of high disparity 

for each clade. Families were chosen to represent early, middle, and late 

(including all extant mysticetes and odontocetes) members of each suborder. 

The final skulls represent the mean disparity of each selected family and the 

Procrustes distance from the mean shape for all Cetacea.  

 

Influences on cranial shape  

After modelling rates of evolution and disparity through time, I tested whether 

rates of morphological evolution were correlated with ecological factors using 

phylogenetic MANOVAs (pMANOVAs) in mvMORPH (Clavel et al., 2015). As 

most of the ecological variables predominately related to diet, I first ran Chi-

squared tests (ɢ2) to ascertain whether two variables are related or 

independent from one another and to inform which, if any, models with 

interactions to test. I found that there was a strong relationship between all 

variables except for echolocation ability and habitat (X2 = 8.509, p = 0.484). 

Due to these relationships between dentition, diet, feeding method, and 

echolocation, I did not run pMANOVAs with interactions. As there was no clear 

relatedness between echolocation ability and habitat, I ran a pMANOVA with 

interactions for these variables and found that there was no strong effect of an 

interaction between them on skull shape (F = 1.6009, p = 0.09). 
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I then ran Type II pMANOVAs using the pPC scores explaining 95% of the 

total variation, with centroid size, dentition, diet, feeding method, echolocation 

ability, and habitat as the predictors. Applying the mvgls and manova.gls 

commands. I fitted multivariate phylogenetic models with Pagelôs lambda 

using penalised likelihood. The significance of each predictor was assessed 

with Pillaiôs statistic and 1000 permutations. This flexible approach 

accommodates departures from single rate Brownian Motion models and thus 

is preferred over the approach implemented in geomorph. I corrected all p- 

values for false discovery rate using Benjamini-Hochberg correction 

(Benjamini and Hochberg, 1995; Benjamini and Yekutieli, 2001). 

 

Disparity and Evolutionary Rate by Ecology 

I used the approaches described above for óDisparity by Cladeô and 

óEvolutionary Rate by Cladeô to calculate disparity and evolutionary rates for 

each ecological regime for dentition, diet, feeding method, echolocation ability, 

and habitat, in geomorph and mvMORPH, respectively.   

All analyses were done in R v.3.5.0 (R Core Team, 2017). 

3.4 Results  

3.4.1 Morphology of the skull 

39 PC scores were necessary to capture 95% of the variation in skull shape 

across Cetacea (Appendix 3, Table S3.6). Between four and 30 pPC scores 

were required to represent the bones and skulls across the different suborders 

(Appendix 3, Table S3.6; S3.7; S3.8; S3.9; S3.12).  

Archaeocetes, mysticetes, and odontocetes occupy distinct areas of the 

morphospace on PC1 and 2 (Fig. 3.2), with early members of each extant 

clade bridging these regions. PC1 accounts for 41.6% of skull shape variation 

and is dominated by shape change in the length of the rostrum. The negative 

end of PC1 represents the brachycephalic faces of suction-feeding species 

such as the Pliocene Odobenocetops, extant kogiids, and other snub-faced 
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species such as Orcaella sp., as well as some phocoenids. The positive end 

of PC1 is occupied by dolichocephalic, long snouted fish-eating species such 

as the extinct eurhinodelphinids and extant river dolphins.   

PC2 accounts for 24.9% of total shape variation and predominantly reflects 

changes in the positioning of the nares. The negative end of PC2 is 

represented by early archaeocetes such as Pakicetus and Ambulocetus which 

have anteriorly positioned nares, with Eocene and Oligocene specimens 

occupying more intermediate positions on this axis. The positive end of PC2 

is occupied by later Miocene and extant odontocetes which have nasals 

positioned high on the head. The mysticetes occupy the middle region of PC2, 

reflecting a contribution from the forward movement of posterior cranial 

elements (prograde cranial telescoping).  See Appendix 3, Fig. S3.8 for a 

morphospace with phylogenetic relationships and Appendix 3, Fig. S3.9 for a 

morphospace with species names.  
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[Figure on previous page] 

Fig. 3.2. Cetacean skulls in a morphospace. Morphospace of all 201 specimens using 

the entire landmark and curve semi-landmark data set. Skull shapes represent the 

positive and negative extremes along PC1 (41.6%) and PC2 (24.9%). Specimens that 

represent the extreme morphologies along each axis are highlighted. Note how the 

earliest odontocete in the data set (Simocetus rayi: Early Oligocene) and the earliest 

mysticete (Mystacodon selenensis: Late Eocene) occupy a position intermediate 

between the archaeocetes and the early odontocetes and mysticetes, respectively. 

Further, note the clustering of Eocene and Oligocene specimens in the morphospace 

and the clustering of morphologically similar Miocene and extant specimens, 

particularly in the mysticetes. For morphospaces of PC1 through PC4, see Appendix 

3, Fig. S3.10-S3.12. For a morphospace labelled with species names, see Appendix 

3, Fig. S3.9. 

 

Odontocetes occupy the largest region of morphospace on these axes, 

spanning the full range of PC1, in comparison to the other subclades. Extant 

odontocetes define the upper left quadrant of the PC1-PC2 morphospace, 

which characterises a mid-length rostrum, a bulbous cranium, and nares that 

have moved posteriorly on the skull. Miocene odontocetes such as the 

extremely dolichocephalic Eurhinodelphinidae and Allodelphinidae dominate 

the upper right quadrant with their exceptionally elongated rostrums and 

posterior nasals (Fig 3.2). The middle region of the morphospace is occupied 

by Oligocene odontocetes, which bridge the regions occupied by 

archaeocetes and later Miocene and extant odontocetes. These Oligocene 

odontocetes in the centre of the morphospace include squalodontids, 

patriocetids, and early diverging xenorophids which have nares positioned 

slightly more anteriorly and still retain basal features such as heterodonty 

(Boessenecker et al., 2017).   

Mysticetes occupy the positive end of PC1 and an intermediate position on 

PC2, a region defined by the characteristic elongating of the mysticete rostrum 

and the prograde telescoping of the mysticete nares. There is a clear division 

among mysticetes of different ages. The Eocene Mystacodon selenensis, 

which is not only the oldest mysticete in this data set but is also the oldest 
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known neocete (Lambert et al., 2017a; Geisler, 2017), sits proximal to the 

Eocene archaeocetes, while Oligocene mysticetes bridge the space between 

archaeocetes and modern baleen whales. One specimen of note is Caperea 

marginata, an extant mysticete and sole living representative of the family 

Cetotheriidae which displays a morphology that is highly unique among living 

mysticetes (Fordyce and Marx, 2013). Caperea sits closer in the morphospace 

to extinct forms such as Miocaperea pulchra, a fossil pygmy right whale from 

the Miocene (Bisconti, 2012), than it does to most extant mysticetes. The 

nares are further posteriorly positioned in the mysticetes than in their 

archaeocete ancestors which occupy the lower right quadrant of the 

morphospace, reflecting their long rostra and anteriorly placed nasals. It is 

noteworthy that extinct toothed mysticetes and archaeocetes overlap 

substantially in this cranial morphospace.  

When individual bones were analysed separately, the number of PCs required 

to explain 95% of the variation ranged from four (basisphenoid) to 22 (maxilla). 

For most elements, especially the maxilla, Odobenocetops peruvianus is the 

most differentiated from other cetaceans in the bone-specific morphospaces 

(Appendix 3, Fig. S3.13-S3.26). Cetaceans are least differentiated in the 

basioccipital and basisphenoid morphospaces although Odobenocetops is 

again the most distinct (Appendix 3, Fig. S3.13 and S3.14). For the nasal, 

which contributes substantially to variation seen across the entire cranium, 

Pakicetus attocki and Physeter macrocephalus are the more distinct 

specimens, although in different ways (Appendix 3, Fig. S3.19). Bone-specific 

morphospaces are provided in Appendix 3, Fig. S3.13-S3.26). Fig. 3.3 shows 

positive (+) and negative (-) shape extremes for each bone. Note the variation 

in shapes in the maxilla (mint green: dorsal and ventral view), premaxilla (navy 

blue: dorsal and ventral view), and nasal (red: dorsal view) compared to the 

more conservative shape variation observed for the basioccipital (light blue: 

ventral view), basisphenoid (dark green: ventral view), and the occipital 

condyles (teal: posterior view) (Fig. 3.3). 
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[Figure on previous page] 

Fig. 3.3. Shape variation per bone in the cetacean skull. Exploded view of positive 

(+) and negative (-) shape extremes for each cranial element (see Fig. 3.1 for the 

bone outlines). Positions of landmarks and semi-landmarks (coloured by bone) are 

shown on Delphinus delphis (AMNH 75332) in dorsal, ventral, lateral, and posterior 

view. Extreme shapes were generated from PCAs for each bone; thus, axis direction 

is arbitrary. The frontal (light pink) is shown in both dorsal and lateral view for clarity. 

bsocc = basioccipital, bsphn = basisphenoid, fron = frontal, mandp = mandibular 

process, max = maxilla, nas = nasal, occip = occipital condyles, pal = palate, par = 

parietal, premax = premaxilla, pteryg = pterygoid, supocc = supraoccipital, zygo-squa 

= zygomatic (including squamosal). 

 

Allometry  

Allometry (or shape related to size) is a significant albeit relatively small 

contributor to skull shape variation (p < 0.001, r2 = 0.15, F = 35.70). 
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3.4.2 Patterns of cranial evolution 

I modelled the rate of evolution for the whole skull (Fig. 3.4; Fig. 3.6) and for 

separate bones (Fig. 3.5; Fig. 3.6 (1. a-d)). I also modelled rates of evolution 

for the different suborders (Fig. 3.6 (1. b-d); Fig. 3.7), and families (Fig. 3.8). 

The minimum plotted posterior probability for rate shifts was set to a threshold 

of 0.6 as determined by the count and log mean rate of the data. Convergence 

diagnostics are provided in Appendix 3, Table.S3.11; Fig. S3.7.  A variable-

rates Lambda model (Lambda_var) had the best model fit for the entire skull 

and for all individual skull bones (Appendix 3, Table. S3.10 and Fig. S3.6). 

Lambda was estimated as 0.69 for the whole skull.  As a lambda equal to one 

is equivalent to a Brownian Motion model, lambda below one suggests 

departure from Brownian Motion, with more evolution occurring on terminal 

branches than expected from the phylogeny.   
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[Figure on previous page]  

Fig. 3.4. Branch-specific rates of cranial evolution for Cetacea. Rates modelled using 

a variable-rates Lambda model of evolution. Numbers indicate: 1. archaeocetes; 2. 

the origin of Neoceti (~ 39-36 Mya); 3a. early diverging odontocetes; 3b. early 

diverging mysticetes; 4. Physeteroidea: 5. Eurhinodelphinidae; 6. extant odontocetes; 

and 7. extant mysticetes. A negative rate of evolution indicates a slowing down in the 

rate of trait change. 

 

The highest rates are observed within the archaeocetes (Fig. 3.7), throughout 

the Mid Eocene and, and then at the end of the Eocene (~ 39-36 Mya), with 

the origin of Neoceti (Fig. 3.4). I observe high evolutionary rates in the newly 

diverging odontocetes (Fig. 3.4 (3a)) and mysticetes (Fig.3.4 (3b)) of the Late 

Eocene (mysticetes only) and early Oligocene. Thereafter, high rates of 

evolution are observed in the odontocete superfamily Physeteroidea (Fig. 3.4 

(4)), which includes the kogiids (Fig. 3.8), and in the early divergence of the 

eurhinodelphinids from the Allodelphinidae, Squalodelphinidae, and 

Platanistidae. Rates rapidly slow down within the eurhinodelphinids in the Mid-

Late Miocene (Fig. 3.4 (5)).  
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[Figure on previous page]  

Fig. 3.5. Estimated rates of cranial evolution per bone - phylogeny. Rates shown on 

a time-calibrated phylogeny of Cetacea using a variable-rates Lambda model of 

evolution. Rates are calculated for individual bones. Reds and oranges show higher 

evolutionary rates, greens and blues show lower evolutionary rates. Top left to bottom 

right: frontal, maxilla, nasal, premaxilla, basioccipital, basisphenoid. The positioning 

of the landmarks for each respective bone is shown on the mesh in the centre of the 

phylogeny. Note the deep red colour of the branch in the frontal, maxilla, and nasal 

of the early diverging odontocetes.  

 

3.4.3 Rates of cetacean cranial evolution through time  

Across Cetacea, there are three key peaks in the rate of evolution in separate 

bones. These peaks are seen in the Late Eocene, the Mid-Late Oligocene and 

to a lesser extent in the Mid-Miocene (Fig 3.5; 3.6 (1)). Unsurprisingly, the 

nasal shows high rates of evolution, particularly in the Mid-Late Eocene. 

The archaeocetes show a peak in maxilla, premaxilla, and nasal rates in the 

Mid-Eocene (Fig. 3.6 (1.b)). The flatline in the data thereafter is due 

to there only being one archaeocete in the data set (Kekenodon) which lived 

into the Late Oligocene. The mysticetes show a peak in the evolutionary rates 

of several bones towards the end of the Eocene after the two suborders had 

diverged with a further peak in the Late Oligocene (Fig. 3.6 (1.c)). Thereafter, 

rates remain conservative.  Note the deep red colour (high rates) of the branch 

leading to the earliest diverging odontocetes for the frontal, maxilla, and nasal 

in Fig. 3.5. As well as high rates in their early divergence, the odontocetes 

show several peaks in evolutionary rate (mostly in the maxilla, frontal, and 

nasal) in the Mid-Late Oligocene (Fig. 3.6 (1.d)) with smaller peaks in the 

Miocene.  
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